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ABSTBACT
The s t r o n g ly  h a s ic  p o ly (v in y lb e n z y ltr ie th y la m m o n iu m  
h yd rox id e) h as heen  p rep a red , as an aqueous s o lu t io n ,  from  
c h lo r o m e th y la te d  p o ly s ty r e n e , and h as heen  u sed  to  e f f e c t  th e  
C annizzaro r e a c t io n  o f  g ly o x a l  in  aqueous s o l u t i o n .
The th ir d -o r d e r  r a t e  c o n s t a n t s ,  d eterm ined  c o n d u c t i-  
m e t r ic a l ly ,  o b served  in  th e  p r e sen ce  o f  th e  p o lym eric  
h yd rox id e  s o lu t io n ,  a re  h ig h e r  than  th e  co rresp o n d in g  v a lu e s  
in  the p r e sen ce  o f  sodium h yd rox id e  and b en zy ltr ieth y lam m on iu m  
h yd rox id e  (w hich  are  n e a r ly  i d e n t i c a l )  by a f a c t o r  o f  a p p ro x i­
m a te ly  26 a t  a h y d ro x y l io n  c o n c e n tr a t io n  o f  0 . 0 0 3N and a 
g ly o x a l  c o n c e n tr a t io n  o f  0.0015M . A v e r y  marked d e c r e a se  
in  th e  s p e c i f i c  r a te  c o n s ta n t  o f  th e  p o ly m e r ic  h y d ro x id e  
c a ta ly s e d  r e a c t io n  i s  produced by  th e  a d d it io n  o f  0 . 0006to  
0 .0 0 3  e q u iv a le n ts  (w ith  r e s p e c t  to  t h e  a l k a l i )  o f  sodium  
c h lo r id e ;  sodium  s u lp h a te  g iv e s  an even  la r g e r  e f f e c t .
T h is b eh av iou r  i s  in  c o n tr a s t  to  th e  p o s i t i v e  s a l t  e f f e c t  
en co u n tered  fo r  th e  sodium  h y d ro x id e  c a ta ly s e d  r e a c t io n .
The a c t iv a t io n  param eters have b een  e v a lu a te d  and 
th e  h ig h e r  c a t a l y t i c  e f f i c i e n c y  o f  th e  p o ly m eric  h y d ro x id e  
i s  r e f l e c t e d  in  th e  h ig h e r  en tro p y  o f  a c t i v a t i o n .
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A mechanism h as h een  p roposed  f o r  th e  r e a c t io n ,  and 
th e  h ig h er  c a t a l y t i c  a c t i v i t y  o f  th e  p o ly m eric  h yd rox id e  h as  
heen  a t t r ib u t e d  to  an in c r e a s e  in  th e  c o n c e n tr a t io n s  o f  
h oth  h y d ro x y l io n s  and a n e g a t iv e ly  charged  r e a c t io n  i n t e r ­
m e d ia te , in  th e  r e g io n s  in  and around th e  p o ly m eric  c a t io n s ,  
under the in f lu e n c e  o f  th e  e l e c t r o s t a t i c  f i e l d s  o f  th e  
p o ly -c a t io n s *
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I N T R O D U C T I O N
The r e a c t io n  in  ?/hich tw o a ld eh yd e groups are  tr a n s ­
formed in to  th e  c o rresp o n d in g  a lc o h o l  and a c id  (o r  i t s  
s a l t ) ,  e x i s t i n g  s e p a r a te ly  o r  in  com b in a tion  as an e s t e r ,  
i s  u s u a l ly  known a s  th e  C an n izzaro  r e a c tio n *
2 R.CHO + 0H“ — *  R*CH20H + R*C02~
The r e a c t io n  may he c a r r ie d  ou t in  s e v e r a l  w ays: 
e n z y m a tic a lly ;  b y  use o f  m eta l c a t a ly s t s  ( e . g .  n ic k e l  and  
p la tin u m ); in  a two phase sy stem  (an o r g a n ic  p h ase  and a 
s tr o n g ly  a lk a l in e  aqueous p h a se );  and in  homogeneous s o lu t io n *  
The p r e se n t  d is c u s s io n  w i l l  be r e s t r i c t e d  to  th e  d is m u ta t io n  
o f  two a ld eh yd e  groups in t o  co rresp o n d in g  a lc o h o l  and c a r b o x y lic  
a c id  fu n c t io n s  in  a hom ogeneous aqueous o r  a l c o h o l i c  a lk a l in e  
so lu tio n *
The C annizzaro r e a c t io n  i s  c h a r a c t e r i s t i c  o f  a ld e h y d es  
w hich have no hydrogen  on th e  a -c a r b o n  atom , su ch  a s  arom atic  
and many h e t e r o c y c l ic  a ld e h y d e s , p r o p e r ly  s u b s t i t u t e d  a l ip h a t i c  
a ld e h y d es , and fo rm a ld eh y d e . N e v e r t h e le s s ,  some a l ip h a t i c  
a ld eh y d es  w ith  no a -h y d ro g en  do n o t undergo th e  C an nizzaro  
r e a c t io n .  The b e s t  known exam ple i s  th e  c o n v e r s io n  o f  
t r ih a lo a c e ta ld e h y d e  to  haloform  and a l k a l i  form ate  under th e  
in f lu e n c e  o f  a l k a l i . T r ip h e n y la c e ta ld e h y d e  u n d ergoes a
s im ila r  c le a v a g e  y i e ld in g  tr ip h en y lm eth a n e  and a l k a l i
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form ate [ i ] .  A nother exam ple i s  the r e a c t io n  o f  2 ?6-  
d ic h lo ro h en za ld eh y d e  w ith  a l k a l i  [ 2 ];
C12C6H3CH0 + OH" — > HC02" + c l 2°6Hh
A ls o  a ld eh y d es in  w hich the a -c a r b o n  atom i s  p a r t o f  
an e th y le n ic  o r  a c e t y le n ic  system  do n ot undergo th e  C annizzaro  
r e a c t io n .  Furtherm ore? a ld e h y d es  c a r r y in g  s u b s t i t u e n t s  s e n s i ­
t i v e  to  a l k a l i  may undergo o th e r  changes in v o lv in g  th e s e  groups 
fo r  example? o -a ce ty la m in o h en za ld eh y d e  -undergoes an in t r a ­
m o lec u la r  c o n d e n sa tio n  le a d in g  to  2-h y d r o x y q u in o lin e  in  th e  
p r e se n c e  o f  a l k a l i  [ 3 ]»
A ld eh y d es w ith  a -h y d ro g en  atoms can he in d u ced  to  
undergo r e a c t io n ?  w ith  a lk a l i?  to  y i e l d  th e  co rresp o n d in g  
a lc o h o ls  and a c id s  (o r  th e  e s t e r )  hy v a r i o u s ’c a ta ly s t s *  * - e .g .  
barium  h y d ro x id e  [ h ] ? alum inium  a lk o x id e s  [ 5 ]  (T isch en k o  
r e a c t i o n ) .
The Canniz'zaro r e a c t io n  o f t e n  o ccu rs i n d i r e c t l y  when 
a ld e h y d es  are  t r e a t e d  w ith  a l k a l i ,  th e  f i r s t  p ro d u cts  u s u a l ly  
form ed are  th o s e  hy  a ld o l  co n d en sa tio n ?  and th e s e  may undergo
CO
i
CH
\ 3
V
CHO
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C annizzaro r e a c t io n s  o f  e i t h e r  th e  norm al or th e  c r o s s e d  
v a r ie t y ;  e . g .  in  th e  p r e p a r a tio n  o f  p e n t a e r y t h r i t o l  [ 6 ]
CH3CHO + IjJKCHO + "OH — £  C(GH20H)^ + HC02"
p e n ta e r y th r ito l*
A ld o l c o n d e n sa tio n s  ( th r e e )  occu r u n t i l  th e  a -carb on  atom  
o f  th e  a c e ta ld e h y d e  h a s no hydrogen d i r e c t ly  a t ta c h e d  to  i t ,  
th e  c o n d e n sa tio n  p rod u ct (C,(CHgOH)3 .CHO) in  th e  p r e se n c e  o f  
a l k a l i  and e x c e s s  form aldehyde u n dergoes a c r o sse d  C an nizzaro  
r e a c t io n  to  y i e l d  p e n t a e r y t h r i t o l .  B ecau se  o f  i t s  com m ercial 
im portance t h i s  r e a c t io n  h a s h een  th e  s u b je c t  o f  e x te n s iv e  
in v e s t i g a t io n  [ 7 J • In  th e  in d u s t r ia l  p r o c e s s  ca lc iu m  h yd rox id e
i s  u sed  as c a t a l y s t .
The c r o s s e d  C annizzaro r e a c t io n ,  d ism u ta t io n  o f  two 
d i f f e r e n t  a ld e h y d e s , has h een  u sed  a s  a p r e p a r a t iv e  method 
fo r  a lc o h o ls  [ 8 ] .  An a ld eh yd e in  p resen ce  o f  an a l k a l i  and 
a la r g e  e x c e s s  o f  form aldehyde r e a c t s  to  g iv e  p red om in an tly  
th e  a lc o h o l  and a l k a l i  fo rm a te . Y ie ld s  o f  a lc o h o l  o f  up to  
90% have h een  o b ta in ed  w ith  v e r y  l i t t l e  o f  th e  co rresp o n d in g  
a c id .  The u s u a l  s o lv e n t  fo r  th e  r e a c t io n  i s  m eth an o l.
G ly o x y lic  a c id  d is p r o p o r t io n a te s  i n  th e  norm al manner 
to  y i e l d  g l y c o l l i o  and o x a l ic  a c id s  [ 9 ,1 0 ‘J .
D ia ld e h y d es  [ i i ]  and a -k e to a ld e h y d e s  [ 1 2 ] undergo an  
in tr a m o le c u la r  C annizzaro r e a c t io n  w hich r e se m b le s  b o th  a norm al
Canniz-zaro r e a c t io n  and th e  b e n z i l i c  a c id  rearran gem ent o f  
a - d ik e t o n e s .
A n o v e l ty p e  o f  Canniz*zaro r e a c t io n  was in v e s t ig a t e d  hy  
E. M» P ry  and co -w o rk ers [ 1 3 ] ;  th e  d ia ld eh y d e  o b ta in e d  hy  
p e r io d a te  o x id a t io n  o f  a -m eth y l-L -rh am n op yran osid e , u n d ergoes  
an in tr a m o le c u la r  d ism u ta tio n  in  aqueous a l k a l i .
CK-O-C-H
H-C-OH p e r io d a te
| CH-O-C-H
i ^ ; MeO H
H-C-OH o x id a t io n 0 C0 2H
i OH
HO-C-H CHO
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1 , 4  arom atic  d ia ld eh yd .es undergo in t e r  m o le c u la r  d i s -
m u ta tion  i n  the p r e sen ce  o f  a l k a l i  [3 4 ]*  to  g iv e  a m ix tu re
o f  th e  d ia lc o h o l ,  d ia c id  and p-h ydroxy  b e n z o ic  a c id .  The
A
aldehyde fu n c t io n  o r th o  to  h a lo g e n  i s  more e a s i l y  o x id is e d  
in  the C annizzaro r e a c t io n  o f  h rom oterep h th a ld eh yd e
B ecause o f  i t s  p o s s ib le  p h y s io lo g ic a l  im p o rta n ce , th e  
C annizzaro r e a c t io n  o f  m ethylgly>xal h as b een  s tu d ie d  u s in g  
enzym ic c a t a l y s t s  [ 1'5 , 1 6 , 1 7 ]*
g ly o x a la s e
CHyCO.CHO —------------—>  CH^C.OH.COgH l a c t i c  a c id .
A ls o ,  F ran zen  [1 8 ]  has s tu d ie d  th e  C an n izzaro  r e a c t io n s  o f  
m e th y lg ly o x a l and p h e n y lg ly o x a l u s in g  th io la m in e s  as c a t a l y s t s .  
He s u g g e s t s  th a t  th e  a c t io n  o f  th e se  b a s ic  t h i o l s  i s  v e r y  
s im ila r  to  enzym ic c a t a l y s i s  by  g ly o x a la s e .
A part from f u r f u r a l  [1 9 ]  th e  C annizzaro r e a c t io n  o f  
h e t e r o c y c l ic  a ld eh y d es  has n o t b een  w id e ly  s t u d ie d .
Ortho and para hydroxy b e n z a ld e h y d es  do n o t undergo  
r e a c t io n  in  norm al c o n d it io n s  [ 20 ] .
F u rth er  exam ples o f  th e  b e h a v io u r  o f  a ld eh y d es  under  
C annizzaro r e a c t io n  c o n d it io n s ,  p a r t i c u la r ly  o f  s u b s t i t u t e d  
b e n z a ld e h y d es , can  b e  found in  G eissm an *s r e v ie w  [ 2 1 ] o f  th e  
C annizzaro r e a c t io n .
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K in e t ic s
H ere, a g a in , m echanism s fo r  th e  C an nizzaro  r e a c t io n  in  
homogeneous s o lu t io n  in  h y d r o x y lic  s o lv e n t s  o n ly  a re  c o n s id e r e d .
In  su ch  c o n d it io n s  the r e a c t io n  o f  h en za ld eh yd e  and some 
o f  i t s  s u b s t i t u t io n  p r o d u c ts , o f  f u r f u r a l ,  and o f  form aldehyde  
have "been exam ined.
Two ty p e s  o f  c o n c e n tr a t io n  dependance ha'veheen fou n d  to
2 —  •o ccu r , one i s  t h ir d  ord er  ( r a te  a  [a ld e h y d e ]  [OH ] ) ,  th e  o th e r  
fo u r th  ord er  ( r a t e  a  [ a ld e h y d e ]2[OH"]2 ) . The two can h e  ob­
se rv e d  s e p a r a te ly ,  in  one c a s e  or  a n o th er , a t  s u i t a b le  a l k a l i  
c o n c e n tr a t io n s . The r e a c t io n  o f  b en za ld eh yd e in  m eth an o l, 
aqueous m ethanol o r  d ioxan  i s  o f  th e  t h ir d  ord er  a t  m ost 
a l k a l i  c o n c e n tr a t io n s  [ 2 2 ] .  The r e a c t io n  o f  f u r f u r a l  in  w ater  
or aqueous m ethanol i s  o f  fo u r th  ord er [ 23] * b u t in  aqueous  
dioxan  e x h ib i t s  m ixed o rd er  k i n e t i c s  w hich can be brough t to  
a l im i t in g  t h ir d  o rd er  form [ 2 4 ] •  The r e a c t io n  o f  form aldehyde  
would appear to  have a l im i t in g  fo u r th  ord er form [25? 26] a t  m ost 
a l k a l i  c o n c e n tr a t io n s , b u t a t  low a l k a l i  c o n c e n tr a t io n s  
(<  0.01N  in  OH” ) e x h ib i t s  p red om in an tly  t h ir d  o rd er  k i n e t i c s  
[ 2 7 * .
In  th e  in tr a m o le c u la r  C an nizzaro  r e a c t io n s  o f  g ly o x a l  
[ l l a ]  and p h e n y lg ly o x a l [ 1 2  J th e  r a t e s  are  fou n d  to  be e i t h e r  
o f  th e  t h ir d  ord er ( r a t e  a  [ a ld e h y d e ] [ OH” ] ) or  o f  th e  secon d
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order ( r a te  a. [ a ld e h y d e ] [ OH” ] ) , co rresp o n d in g  to  th e  fo u r th  and 
th ir d  ord er  d ep en d en cies  en co u n tered  w ith  th e  in te r m o le c u la r  
r e a c t io n s  o f  m onoaldehydes.
A lexan d er [ l 2 ]  and G-eib [2 3 ] g iv e  e v id e n c e  to  r e f u t e  th e  
p o s s i b i l i t y  o f  a f r e e  r a d ic a l  mechanism fo r  the C an n izzaro  
r e a c t io n  in  homogeneous s o lu t io n ;  th e y  showed th a t  th e  r e a c t io n s  
measured a re  n o t a f f e c t e d  by e i t h e r  p e r o x id e s  or a n t io x id a n t s .
Fredenhagen and B o n h o e ffe r  [ 3 0 ,3lfcnd o th e r  w orkers [3 2 ]  
dem onstrated  th a t  when th e  C an nizzaro  r e a c t io n s  o f  form ald eh yd e, 
b en zaldehyd e or g ly o x a l  w ere con d u cted  in  d eu teriu m  o x id e ,  
no carbon bound deuteriu m  appeared  in  th e  p r o d u c ts . T h is  shows 
th a t the hydrogen i s  t r a n s fe r r e d  d i r e c t l y  from one a ld eh yd e  
m olecu le  t o  th e  o th e r  and n o t by a seq u en ce o f  s o l v o l y t i c  
exch an ges.
The e f f e c t  o f  s u b s t i t u e n t s  on th e  C annizzaro r e a c t io n  o f  
B.CHO can be se en  by  c o n s id e r in g  s u b s t i t u t e d  b en za ld eh y d es:  
th e  fo l lo w in g  r e a c t io n  r a te  s e r i e s  h as been  e s t a b l i s h e d  [ 3 3 ,2 2 ]
pMe^N <  pMeO <  pAlk <  H <  pCl < mCl <  mN02 o
I t  i s  seen  th a t  e l e c t r o p o s i t i v e  groups ( o f  th e  +1 or  th e  
+M ty p e ) r e ta r d  th e  r e a c t io n ,  w h ile  e le c t r o n e g a t iv e  ( -1  o r  -M 
ty p e ) a c c e le r a t e  i t .  In  th e  m a jo r ity  o f  p rop osed  m echanism s ~ 
the i n i t i a l  s te p  i s  th e  n u c le o p h i l i c  a t ta c k  ( u s u a l ly  b y  h y d ro x y l  
io n )  on the a ld e h y d e . W h ils t  th e  above s e r i e s  i s  c o n s i s t e n t
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w ith  t h i s  c ir cu m sta n c e , the mechanisms are  to o  c o m p lic a te d  fo r  
i t  to  c o n s t i t u t e  p r o o f o f  any in d iv id u a l  on e . F u r th e r , the  
f a i lu r e  o f  orth o  and para h yd roxyb en za ld eh yd es t o  undergo  
d ism u ta tio n  i s  r e a d i ly  e x p l ic a b le .  In  th e  p r e sen ce  o f  a l k a l i  
the a n io n ic  oxygen form ed hy io n iz a t io n  o f  th e  p h e n o lic  h y d ro x y l  
group c o u ld , h y  v ir t u e  o f  i t s  s t r o n g ly  h a s ic  n a tu r e , c o n tr ib u te  
to  th e  reso n a n ce  s tr u c tu r e  :
The form er ca rb o n y l carbon in  s t r u c tu r e  I I  w ould b e  r e s i s t a n t  
to  n u c le o p h il ic  a t t a c k , and th e r e f o r e  th e  a d d it io n  o f  h y d ro x y l  
io n  to  th e  ca rb o n y l group w ould be r e s t r i c t e d .  A c o m p e t it iv e
l a r l y  and an oth er  (h y d ro x y l io n )  a c t in g  in te r m o le c u la r ly  may 
be co n sid er ed  to  o p e r a te .
Hammett [ 3 U ] j in. 19U0, su g g e s te d  th e  e s s e n t i a l  f e a t u r e s  
o f  th e  mechanism w h ich  i s  g e n e r a l ly  b e l ie v e d  to  be c o r r e c t  
fo r  th e  hom ogeneous r e a c t io n  in  aqueous s o l v e n t s .  I t  i s  
assum ed th a t  the a ld eh yd e,, b y  i n t e r a c t io n  w ith  h y d ro x y l io n s ,  
can produce two r ed u c in g  a n io n s ( I I I  and IV)
0——^ \ c:
'vH
,0
I I I
e f f e c t ,  * betw een  one b a se  (a n io n ic  oxygen) a c t in g  in tr a m o le c u -
( I l l )  (IV)
The arrows in d ic a t e  e le c t r o n  s h i f t s  fo r  p o s s ib le  b im o le c u la r  
hyd rid e t r a n s f e r .
( I I I )  i s  produced, by s im p le  a d d it io n  o f  a h y d ro x y l io n , more 
r e a d ily  than (I V ) , and i s  an a n io n  o f  m oderate h y d r id e - io n  
don atin g  pow er;
(IV) i s  form ed from  ( I I I )  by p ro to n  t r a n s f e r  to  an o th er  h y d r o x y l  
io n , and i t  h a s  a much s tr o n g e r  h y d r id e - io n  d o n a tin g  pow er. '
T hese io n s  a r e  assum ed to  be produced by r a p id ly  e s t a b l ­
ish e d  e q u i lb r ia  betw een  th e  a ld eh yd e m o le c u le  and th e  h y d ro x y l
io n s :  th e  c o n c e n tr a t io n s  o f  ( I I I )  and (IV) a re  th e r e fo r e
— — • 2p r o p o r t io n a l to  [RCHO][OH ] and [RCHO][OH ] ; r e s p e c t i v e l y .
I t  i s  assum ed th a t  n e i t h e r  o f  th e s e  io n s  can s p l i t  o f f  a h y d r id e  
io n  u n im o le c u la r ly , but th a t  e i t h e r  (d ep en d in g  on R and r e a c t io n  
c o n d it io n s )  w i l l  t r a n s f e r  a h y d r id e - io n  t o  a s u i t a b le  a c c e p to r ,  
in  t h i s  c a se  to  a ca rb o n y l carbon atom o f  an o th er  a ld eh yd e  
group. The o b serv ed  r a te  o r d e rs  are, th e r e fo r e , in  r e l a t i o n  to -  
-mechanisms T hird  o rd er  r e a c t io n
- 1 8 -
OH cf
f tR.C -  H ~ R.C -* H + RCH  * R.C + RO -  H
1'
0 OH 0 OH : O
i
E .C 02® + R.CH20H
(V)
The above r e a c t io n  scheme w ould g iv e  secon d  o rd er  de­
pendence on [RCHO] and f i r s t  order dependence on [OH ] .
F ou rth  ord er r e a c t io n  scheme:
S ta r t in g  w ith  th e  in te r m e d ia te  (V) from th e  above scheme
: 0  SO
S \
R -  C -  H + OH" — * Ho0 + R.C (VI)
I ^  I
OH :0 :
(V) +
RCHO
H |  0
_ Hp° I *R• CHo0H + HO —  RC -  H + R.C2
T his would g iv e  second  o rd er  dependence on b o th  [RCHO] and [OH~] 
The in tr a m o le c u la r  C an nizzaro  r e a c t io n s ,  e . g .  w ith  p h en y l 
g ly o x a l  and g ly o x a l ,  are  s a tu r a te d  n u c le o p h i l i c  rearran gem en ts
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s im ila r  in  c h a r a c te r  to  th e  b e n z i l - b e n z i l i c  a c id  rearrangem ent 
o f  a -d ik e to n e s ,  save  th a t  th e  s h i f t i n g  group i s  hydrogen  
in s te a d  o f  phenyl* The o b serv ed  secon d  and t h ir d  ord er  con­
c e n tr a t io n  dep en d en ces, r e s p e c t i v e l y ,  are e a s i l y  a c co u n ted  fo r  
b ecau se  th e  two carb on y l fu n c t io n s  n e c e s s a r y  fo r  r e a c t io n  a re  
in  the same m olecu le*
Hence w ith  p h e n y lg ly o x a l th e  in te r m e d ia te  c o rresp o n d in g  
to  ( i l l )  in tr a m o le c u la r ly  r e a r r a n g e s  th u s :
H H
0 = G -  C -  0  > 0 -  C -  G = 0i 'i
i
Ph OH Ph OH
(V II)
and w ith  g ly o x a l  th e  in te r m e d ia te  co rresp o n d in g  to  (IV ) i n t r a -  
m o le e u la r ly  r ea r ra n g es:
0 : k  H 0
H -  C -  C -  0.............. ..— ■> H -  0 -  C -  0
A
*0 H :0 :
(V III)
The -M e f f e c t  o f  th e  p h en y l group i s  s u f f i c i e n t  t o  make 
th e  in te r m e d ia te  ( V I I ) ,  o f  th e  C annizzaro r e a c t io n  o f  p h e n y l-  
g ly o x a l ,  rearran ge  by  h y d r id e  t r a n s f e r ,  hence th e  r e a c t io n  I s  
o f  th e  secon d  order [ 12  ] •
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Fur th e  r  su p p ort fo r  t h i s  mechanism i s  found in  th e  f o l lo w ­
in gs f i r s t l y ,  when th e  r e a c t io n  i s  run in  deuterium  o x id e  
s o lu t io n ,  th e  produ ct c o n ta in s  no carbon-hound deu teriu m  [ 3 5 ] ;  
se c o n d ly , 2 » 4 > '6 -tr im e th y lp h e n y lg ly o x a l, a lth o u g h  s t e r i c a l l y  
h in d ered , u n d ergoes the rearrangem ent r e a d l ly  [ 3 6 ] ;  th e r e fo r e  
i t  i s  th e  h y d r id e - io n  and n o t  th e  p h en y l group w hich  m ig ra te s  
[3 6 b ] .
The r e a c t io n  w ith  g ly o x a l  h as b een  found t o  be o f  th e  
th ir d  order [ l l a ]  and th e r e fo r e  the in te r m e d ia te  co rr esp o n d in g
t °  ( I I I )  0“
/  * 1/  I \
( i . e .  H - C - C - H )
\  il ! f
v 0 0
H
must be to o  s t a b le  to  rearran ge  b y  h y d r id e  io n  tr a n s fe r *  
Salom aa*s s u g g e s t io n  th a t  in te r m e d ia te  (IX) r e a r r a n g e s
OH : 0 “
H -  <j -  0 -  H1 !
i !
: 6 s OH
(IX)
does n ot seem v ery  p rob ab le  b eca u se  o f  the la c k  o f  any in t e r n a l  
* d r iv in g  fo rce*  h e lp in g  to  move the h y d r id e  io n  w ith in  t h i s  
sym m etrica l s t r u c t u r e .  A d e t a i le d  c o n s id e r a t io n  o f  th e  
mechanism f o r  g ly o x a l  i s  g iv e n  in  th e  D is c u s s io n .
-21-
The m ost commonly su p p o rted  a l t e r n a t iv e  mechanism f3 7 ]>  
fo r  th e  C annizzaro r e a c t io n  g e n e r a l ly ,  in v o lv e s  th e  same i n i t i a l  
s te p s  as th e  one o u t l in e d  a b o v e . I t  i s  assum ed th a t  e i t h e r ”  
a n io n ic  in te r m e d ia te  ( ( I I I )  or  (IV )) can add through  i t s  
oxygen to  th e  secon d  a ld eh yd e m o lec u le  to  g iv e  a s e m i-a c e t a l ,  
and th en  i t  i s  reduced  by ah in tr a m o le c u la r  1 : 3  h y d r id e - io n  
s h i f t  from th e  secon d  a ld e h y d ic  u n i t ,  d is p la c in g  a h y d ro x y l  
io n .  The p rod u ct w ould b e  an e s t e r  (X I) and t h i s  i s  assum ed to  
be h y d r o ly se d  b y  th e  a l k a l i  to  g iv e  th e  norm al p r o d u c ts .
H H H
H O - C - O  + C = 0 — -J*
I I
R R
( I I I )
HO -  C -  0 -  C -  0
H - C - O - C s s O
R R
(XI)
One o f  the main argum ents fo r  th e  mechanism was th a t  
Lachmann [37tj had i s o l a t e d  some b e n z y l b e n z o a te  from an aqueous 
C annizzaro r e a c t io n  o f  b en za ld eh yd e in  w h ich  th e  tem p eratu re  
had b een  k ep t low  and an e x c e s s  o f  a l k a l i  had b een  a v o id e d .  
However, th e  fo rm a tio n  o f  b e n z y l b e n z o a te  c o u ld  tak e  p la c e  by
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o th er  means* Once b e n z y l a lc o h o l  i s  form ed th e  a lk a l in e  
s o lu t io n  w i l l  c o n ta in  b e n z y lo x id e  io n s*  and th e  Hammett 
mechanism a ls o  p o s t u la t e s  th a t  th e y  a r e  form ed a s  r e a c t io n  
in te r m e d ia te s ;  th e s e  c o u ld  r e p la c e  th e  h y d ro x y l io n s  a s  n u c le o -  
p h i l i c  r e a g e n ts  i n  th e  Hammett mechanism* The r e a c t io n  p ro d u cts  
would th en  he b e n z y l b e n z o a te  and a m o lecu le  o f d is p la c e d  
b e n z y l a lc o h o l;  th e  l a t t e r  co u ld  i n i t i a t e  a r e p e t i t i o n  o f  th e  
c y c le*
The more fundam ental argument a g a in s t  th e  s e m i-a c e t a l  
mechanism i s  th a t  th e  e x p u ls io n  o f  a h y d ro x y l io n  in  a n u c le o -  
p h i l i c  rearran gem ent in  a lk a l in e  s o lu t io n  i s  un precedented *  
as i s  th e  1 : 3 n u c le o p h i l i c  d isp la cem en t*  A lex a n d er  [3 8 ]  
d em onstrated  th a t  even  under v ery  fa v o u r a b le  c o n d it io n s  th e  
a ld e h y d ic  hydrogen  d id  n ot undergo a 1 : 3 s h i f t :  t r im e th y l -
amm onium -pivaldehyde s a l t s *  on tre a tm en t w ith  a l k a l i ,  d id  n o t  
undergo a 1 : 3 h y d r id e  s h i f t  to  g iv e  tr im eth y la m in e  and 
p i v a l i c  a c id ,  in s te a d  th e  norm al C annizzaro r e a c t io n  p r o d u cts  
were o b serv ed .
H
Me^N + CH3.CMe2.CO2H
2
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The o b je c tio n s- , to  th e  s e m i-a c e ta l  mechanism can h e  summed 
up hy Ingold*  s s ta tem en t [3 9 ]  s " I t  i s  u n ch em ica l th a t  a r e ­
ducing system  sh ou ld  g e t  i t s e l f  red uced  hy what i t  ought to  he  
red u cin g*”
A more r e c e n t  a l t e r n a t iv e  mechanism to  th a t  o f  Hammett 
has heen  p rop osed  hy P f e i l  [ 4 0 ] ;  from h i s  in v e s t ig a t io n s  o f  
th e  Cannizzaro r e a c t io n  o f  form aldehyde w ith  v a r io u s  a l k a l i e s  
he p o s t u la t e s  th a t  th e  f i r s t  s te p  i s  th e  fo rm a tio n  o f  a com­
p le x  (X II)
^  = 9 -  R
H O  m'  ^  > (X III)
0 = C -  R "0 -  Q  -  R
I
H H
(X II)
* /
MOH + RC02CH2R RC02M + RCHgOH
M = Na, K, Ca, Ba, L i ,  or  Me^N 
The in te r m e d ia te  (X III )  can h rea k  down in  two w ays, th e  two 
n e g a t iv e  groups on i t  com peting f o r  e le c t r o n  sp ace  a t  th e  carhon  
atom, and depending on w hich  o ccu rs  an e s t e r  ( s t e p  a) or th e  
a c id  s a l t  and a lc o h o l  ( s t e p  h ) i s  produced*
T h is  mechanism c o u ld  e x p la in  th e  i n h ib i t i n g  e f f e c t s  o f  
a lc o h o ls  a s  due to  t h e ir  com p lex in g  w ith  th e  m eta l M g iv in g
and a ls o  th e  la r g e  p o s i t i v e  s a l t  e f f e c t s  o f  th e  r e a c t io n  s in c e  
more c a t io n s  a re  b e in g  in tr o d u c e d  th u s p r o v id in g  more com p lex ing  
s i t e s *  N e v e r th e le s s  i t  i s  d i f f i c u l t  to  u n d erstan d  why th e  
in te r m e d ia te  (X II) sh o u ld  undergo h y d r id e - io n  tr a n s fe r *  b e c a u se  
o f  th e  la c k  o f  a ’d r iv in g  f o r c e ’ f o r  t h i s  to  occur*
The e v id e n c e  on th e  w hole s tr o n g ly  fa v o u r s  the Hammett 
mechanism fo r  th e  C annizzaro r e a c t io n ,  a s con d u cted  homo­
g e n e o u s ly  in  h y d r o x y lic  s o lv e n t s .
I t  has been  shown b y  s e v e r a l  w orkers t h a t  in  n on -  
homogeneous c o n d it io n s  th e  r e a c t io n  may b e a c c e le r a t e d  
b y  p e r o x id e s , . f i n e l y  d iv id e d  m e ta ls ,  m e t a l l i c  o x id e s ,  or  
h y d ro x id es  [2 1 ]  • T hese r e s u l t s  in d ic a t e  th a t  in  th e  v a r io u s  
c ir cu m sta n c es  o u t l in e d  o th e r  m echanism s, p o s s ib ly  in c lu d in g  
V /e is s ’ s  [ 4 1 ] r a d ic a l-m a in ta in e d  c h a in  r e a c t io n ,  occur*
The enzym ic C annizzaro r e a c t io n s  a r e  p rob ab ly  more a k in  
t o  th e  non-hom ogeneous r e a c t io n s .
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POLYEIECTROLYTES MD THEIR PROPERTIES IN SOLUTION
The d i v i s i o n  e x i s t i n g  in  c l a s s i c a l  c h e m is tr y  b etw een  
uncharged m o le c u le s  and e l e c t r o l y t e s  h as a c o u n te rp a r t in  th e  
f i e l d  o f  h ig h  p o lym ers. P o ly e le c t r o l y t e s  may he d e f in e d  a s  
polym ers th a t  can conduct e l e c t r i c i t y  in  s o lu t io n  in  th e  same 
way as s o lu t io n s  o f  s im p le  e l e c t r o l y t e s .  They a r e  u s u a l ly  
l in e a r  polym ers c o n ta in in g  a la r g e  number o f  io n ic  grou p s;  
th e r e  are  a l s o  sm a ll c o u n te r io n s  p r e s e n t ,  r e n d e r in g  th e  sy stem  
e le c t r o - n e u t r a l .
Some exam ples o f  p o l y e l e c t r o l y t e s  a re  g iv e n  in  T a b le  1 .  
Much o f  th e  e a r ly  work was c a r r ie d  ou t on m a te r ia ls  w ith  w eak ly  
io n is a b le  groups; e . g .  p o ly ( a c r y l ic  a c id ) ,  p o ly (m e th a c r y lic  
a c id ) and a c id ic  p o ly s a c c h a r id e s  such  a s  a l g in i c  a c id  and 
p o ly g a la c tu r o n ic  a c id ;  th e  charge d e n s i ty  a lo n g  th e  m o lec u la r  
ch a in  o f  th e s e  w eak ly  a c id ic  polym ers can be v a r ie d  by v a r y in g  
th e  d egree  o f  n e u t r a l i s a t io n .
More r e c e n t ly  work h as b een  u n d ertak en  in v o lv in g  s t r o n g ly  
io n i s in g  polym ers; e . g .  p o ly (v in y ls u lp h o n ic  a c id )  and p o ly ­
s t y r e n e  su lp h o n ic  a c i d ) .
P o ly (m eta p h o sp h o ric  a c id )  would g iv e  an in o r g a n ic  p o ly ­
io n  s u i t a b le  f o r  p o l y e le c t r o l y t e  s t u d i e s .  The h y d r o ly se d  
copolym ers o f  m a le ic  anh ydride y i e l d  what have b een  c a l l e d  
’’p o ly d ib a s ic  a c id s ’' .  I t  i s  d i f f i c u l t  f o r  m a le ic  anh yd rid e
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TABLE 1
T y p ic a l Exam ples o f  I o n is a h le  Chain M o le cu le s  
P o ly ( a c r y l ic  a c id )
P o ly (v in y ls u lp h o n ic  a c id )
P o ly (s ty r e n e s u lp h o n ic  a c id )
S ty r e n e -m a le ic  a c id  
copolym er
P o ly  (met ap h osp h oric  a c id )  
P o ly ( v in y l  amine)
P o ly (e th y le n e  im in e)
( -  CH2 -  CH -  ) n  
COOH
( -  CH2 -  CH -  ) n
( -  CH2 -  CH -  ) n
\
\
'■M
..,x
( CHo -  CH -  CH -  CH -  )
! ! |
Cz-Hr- COOH COOH6 5
0
u
n
( -  P -  ) 
OH
n
( -  CH2 -  CH -  ) n
NIL
( -  CH2 -  CH2 -  N -  )
H
n
P o ly ( lp -v in y l-N -d o d e c y l p yr id in iu m ) -  CH
P o ly ( g a la c tu r o n ic  a c id )
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to  add to  a grow ing c h a in  te r m in a tin g  in  a m a le ic  an h ydride  
u n it?  and t h i s  le a d s  to  ch a in s where th e  m a le ic  an h ydride  
r e s id u e s  are se p a r a te d  h y  one or more comonomer u n i t s  ( s e e  
T ahle 3)* W eakly "basic polym ers su ch  as p o ly (v in y la m in e ) , 
p o ly  (e th y le n e  im in e) and p o ly  (4 - v in y lp y r i  d in e ) may he c o n v e r ted  
to  a s tr o n g  "base h y  q u a te r n is a t io n . A m photeric p o ly e le c tr o -^  
l y t e s  can he prepared  hy c o p o ly m e r isa t io n  o f  s u i t a b le  a c id ic  
and h a s ic  monomers, f o r  in s ta n c e ,  m e th a c r y lic  a c id  and v i n y l -  
p y r id in e . A ls o  polym ers th a t  a re  weak L ew is h a s e s  may a c q u ir e  
p o ly e le c t r o ly t e  c h a r a c te r  in  s t r o n g ly  a c id  m ed ia , a lth o u g h  th e  
polym er c h a in  w ould n o t  he charged  in  o th e r  s o l v e n t s .  S c h a e f-  
gen and T r iv iso n n o  [4 2 ]  andSaunders [4 3 ]  o b serv ed  th a t  
p olyam id es behave l i k e  p o l y e l e c t r o l y t e s  in  fo rm ic  a c id  s o l u t i o n s .
In  a d d it io n  to  f l e x i b l e  c h a in  p o ly io n s ,  th e r e  are  a ls o  
a la r g e  number o f  n a t u r a l ly  o c c u r r in g  charged  m acrom olecu les  
e x i s t in g  in  s p e c i f i c  c o n fo r m a tio n s . P r o te in s  c a r r y  a v a r ie t y  
o f  io n iz a h le  groups in  th e  s id e  c h a in s  o f  amino a c id  r e s id u e s ,  
e . g . ,  the ca rb o x y ls  o f  g lu ta m ic  and a s p a r t ic  a c id ,  and th e  
amino groups o f  l y s i n e ;  th e y  may, t h e r e f o r e ,  c a r r y  a n e t  
p o s i t i v e  or n e g a t iv e  ch arge  dep en d in g  on t h e ir  s t a t e  o f  io n iz a ­
t i o n .
The e f f e c t s  o f  p o l y e l e c t r o l y t e s  on r e a c t io n s  w i l l  be  
d is c u s s e d  fu r th e r  in  th e  n e x t  s e c t i o n .
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The s tr o n g  e l e c t r o s t a t i c  f o r c e s  e s t a b l i s h e d  by th e  charged  
groups c o n fe r  p r o p e r t ie s  on th e  p o ly e le c t r o ly t e  w h ich  d i s t in g u i s h  
i t  in  many r e s p e c t s  from an uncharged c o u n te r p a r t . B ecause  
th e  io n ic  s u b s t i t u e n t s  are  h e ld  c o v a le n t ly  in  th e  p o ly m eric  
m o lecu le  a h ig h  charge d e n s i ty  i s  e s t a b l i s h e d  in  th e  r e g io n  
o f  th e  macro io n .  In  a co rresp o n d in g  sim p le  e l e c t r o l y t e  th e  
e l e c t r o s t a t i c  r e p u ls iv e  f o r c e s  b etw een  io n s  o f  l i k e  charge  
would r e s u l t  in  th e  io n s  becom ing more e v e n ly  d i s t r ib u t e d  
through out th e  medium. In  a p o l y e le c t r o l y t e  s o lu t io n ?  th e r e ­
fore?  th e  e l e c t r o s t a t i c  p o t e n t ia l  i s  h ig h  in  th e  r e g io n  occu ­
p ie d  by  th e  p o ly io n s  and f a l l s  o f f  a s  th e  d is ta n c e  from th e  
p o ly io n  in c r e a s e s .  T h is in  tu r n  c a u se s  th e  c o u n te r io n s  to  
become more c o n c e n tr a te d  w ith in  and n ea r  th e  p o ly io n s .
In  th e  c a se  o f  p o ly io n s  o f  a w e l l  d e f in e d  shape? su ch  a s  
g lo b u la r  p r o te in s  and many n a t u r a l ly  o c cu rr in g  p o ly e le c t r o ly t e s ?  
th e  main d i s t i n c t i o n  b etw een  sim p le  e l e c t r o l y t e s  and p o ly ­
e l e c t r o l y t e s  i s  due to  th e  h ig h  charge o f  th e  p o ly io n s  and th e  
p o s s ib le  h ig h  v a lu e s  o f  e l e c t r o s t a t i c  p o t e n t ia l s  w h ich  may be  
assum ed. W ith f l e x i b l e  c h a in  p o ly io n s?  th e  f i x e d  c h a rg es  may 
be se p a r a te d  from  each  o th er  to  some e x te n t  as th e  c h a in  ex ­
pands when th e  system  i s  d i l u t e d .  The con form ation  o f  a 
f l e x i b l e  p o ly io n  c h a in  in  s o lu t io n  d i f f e r s  a p p r e c ia b ly  from  
th a t  o f  i t s  un ch arged  a n a lo g u e . The co n form ation  o f  an
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uncharged f l e x i b l e  polym er c h a in  i s  d eterm in ed  hy th e  e n e r g e t ic  
in t e r a c t io n s  b etw een  polym er segm ents and th e  s o lv e n t  m ole­
c u le s ,  and hy r e l a t i v e l y  weak n e a r e s t-n e ig h h o u r  in t e r a c t io n s  
o f  groups on th e  c h a in . As a r e s u l t  o f  t h i s ,  an uncharged  
f l e x i b l e  polym er c h a in  u s u a l ly  ad op ts a random ly c o i l e d  con­
fo rm a tio n  in  s o lu t io n ,  th e  t i g h t n e s s  o f  th e  c o i l i n g  d epend ing  
on the m agnitude o f  th e s e  r e l a t i v e l y  weak i n t e r a c t i o n s .
In  th e  c a se  o f  p o ly io n s ,  how ever, th e  lo n g  range m utual 
r e p u ls io n s  o f  th e  io n ic  g ro u p s , a lth o u g h  p a r t i a l l y  s h ie ld e d  hy  
th e  c o u n te r io n s , ca u se  th e  polym er c h a in  to  adopt a f a r  more 
ex ten d ed  con form ation  in  s o lu t io n .,
F lo r y  [ k h ]  in  an a l t e r n a t iv e  e x p la n a t io n  fo r  th e  ex ­
panded d im en sio n s o f  p o ly io n s  (w hich in  f a c t  i s  e q u iv a le n t  t o  
th e  one o u t l in e d  a b o v e ) , p o in t s  ou t t h a t ,  s in c e  many o f  th e  
c o u n te r io n s  are r e ta in e d  in  th e  p o ly io n  dom ain, th e  s i t u a t i o n  
i s  com parable t o  t h a t  o f  a s o lu t io n  in  a membrane, th e  c o u n te r ­
io n s  g iv in g  r i s e  to  o sm o tic  p r e ssu r e  w hich c a u se s  th e  p o ly io n  
to  expand. F or c o n c e n tr a te d  p o l y e l e c t r o l y t e  s o l u t i o n s ,  f r e e  
from added s im p le  e l e c t r o l y t e ,  th e  p o ly io n  domains can be con­
s id e r e d  a s  occu p y in g  th e  w hole volume o f  th e  s o lu t io n ,  so  th a t  
th e  c o u n te r io n s  are  c o n fin e d  c o m p le te ly  to  them . D i lu t io n  o f  
th e  s o lu t io n  c r e a te s  r e g io n s  in to  which some o f  th e  c o u n te r io n s  
can e s c a p e . However, a s p r e v io u s ly  e x p la in e d , th e  n e t  c h a rg es
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(or  th e  o sm o tic  f o r c e s )  produced in  th e  p o ly io n  domains b y  th e  
l o s s  o f  th e s e  c o u n te r io n s  ca u se  th e  p o ly io n s  to  expand and r e -  
occupy much o f  th e  new ly  form ed r e g io n s  in  the s o lu t io n *  On 
fu r th e r  d i l u t i o n  t h i s  p r o c e ss  c o n t in u e s  u n t i l  the p o ly io n  i s  
f u l l y  expanded* A l i m i t  i s  s e t  to  t h e  a t t a in a b le  s e p a r a t io n  
o f  f i x e d  ch a rg es by  t h e i r  a ttachm ent t o  th e  c h a in  backbone 
and th e  r u b b e r - l ik e  e l a s t i c i t y  o f  th e  m o lec u la r  c h a in . The 
esca p e  o f  more c o u n te r io n s  w ith  fu r th e r  d i lu t io n  in c r e a s e s  th e  
n e t  charge on a p o ly io n , b u t s in c e  th e  en ergy  o f  th e  r e s u l t in g  
a d d it io n a l  r e p u ls io n s  cannot be u sed  f o r  ex p a n sio n  o f  th e  p o ly ­
io n , t h i s  e sca p e  o f  c o u n te r io n s  becom es p r o g r e s s iv e ly  more 
d i f f i c u l t .
I t  h as b een  e s t im a te d  [4 5 ]  th a t  a n e t  p o ly io n  charge  
e q u iv a le n t  t o  about one e l e c t r o n ic  charge fo r  te n  r e p e a t in g  
u n i t s  in  a c h a in  w ould produce a n e a r ly  f u l ly - e x t e n d e d  c o n f ig u ­
r a t io n ,  A p o ly io n  w ith  a h ig h  d e n s ity  o f  grou p s o f  l i k e  
charge in  th e  c h a in  sh o u ld  th e r e fo r e  be  n e a r ly  f u l ly - e x t e n d e d  
b e fo r e  i t  h as l o s t  many o f  i t s  a s s o c ia t e d  c o u n te r io n s .
E f f e c t s  produced b y  th e  i n t e r a c t io n  o f  io n ic  ch a rg es  
w i l l ,  t h e r e f o r e ,  n o t  v a n is h  a t  i n f i n i t e  d i l u t i o n ,  a s  th e y  do in  
s im p le  e l e c t r o l y t e  s o l u t i o n s .  On th e  co n tra r y  a h ig h ly  d i l u t e  
s o lu t io n  o f  a f l e x i b l e  c h a in  p o l y e l e c t r o l y t e  must be  v iew ed  as  
c o n s i s t in g  o f  sm a ll r e g io n s  in  w h ich  p o ly io n s  w ith  a h ig h
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d e n s ity  o f  / f ix e d *  ch a rg es  c r e a te  high? l o c a l i s e d  e l e c t r o s t a t i c  
p o t e n t ia l s ;  th e r e fo r e ?  c o u n te r io n s  are  a t t r a c t e d  w h ile  th e
in te r v e n in g  sp a ce s  have v e r y  low  io n  c o n c e n tr a t io n s .  I t  lias  
heen  p o in te d  out h y  F lo r y  t h a t  th e  a d d it io n  o f  a s im p le
e l e c t r o l y t e  would ca u se  th e  d i f f e r e n c e  betw een  th e  c o u n te r io n  
c o n c e n tr a t io n s  on th e  two s id e s  o f  th e  *membrane* ( i . e .  in  
or out o f  p o ly io n  dom ains) to  d im in ish  w ith  th e  r e s u l t in g  de­
p r e s s io n  o f  th e  ten d en cy  fo r  th e  c o u n te r io n s  to  d i f f u s e  ou t o f  
th e  p o ly io n  dom ains. T his? in  turn? w ould l e s s e n  th e  e f f e c t i v e  
charge on th e  p o ly io n  and cau se  i t  to  c o n t r a c t .  A sch em a tic  
r e p r e s e n ta t io n  i s  g iv e n  ( F ig .  l )  o f  th e  io n  d i s t r ib u t io n  in  
d i lu t e  s o lu t io n s  c o n ta in in g  a s a l t  o f  a p o ly m eric  a c id  com­
posed  o f  f l e x i b l e  c h a in  m o le c u le s  and a sm a ll c o n c e n tr a t io n  o f  
added u n i- u n iv a le n t  e l e c t r o l y t e .
j i i .  ; j
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C ou n terion  A s s o c ia t io n
The p ow erfu l a t t r a c t io n  e x e r te d  h y  p o ly io n s  on t h e i r  
c o u n te r io n s  h a s h een  e x p e r im e n ta lly  dem on strated  hy  v a r io u s  
tech n iq u es*
E l e c t r o l y t i c  t r a n s fe r e n c e  s t u d ie s  [ Ij.6 ] on p a r t i a l l y  
n e u t r a l i s e d  p o ly ( a c r y l ic  a c id )  s o lu t io n s  c o n ta in in g  r a d io a c t iv e  
sodium c o u n te r io n s  r e v e a le d  th a t  a p r o p o r t io n  o f  th e  co u n te r ­
io n s moved w ith  the p o ly a n io n  toward th e  anode compartment*
The f r a c t io n  o f  th e  t o t a l  number o f  sodium  c o u n te r io n s  a s s o c ia ­
te d  w ith  th e  p o ly io n  i n  t h i s  way in c r e a se d  as th e  d egree  o f  
n e u t r a l i s a t io n  was in c r e a s e d ;  a t  25$  n e u t r a l i s a t io n  i t  was one 
q u arter  and a t  100$  n e u t r a l i s a t io n  i t  was ahout tw o -th ir d s *  
R e s u lt s  c o n firm in g  th e s e  f i g u r e s  have h een  o b ta in e d  from s t e a d y -  
s t a t e  d i f f u s i o n  s t u d ie s  U 7 ]  and r e f r a c t i v i t y  m easurem ents [4&]« 
I t  was a ls o  found [4 6 ]  th a t  th e  f r a c t io n  o f  th e  t o t a l  cu rren t  
c a r r ie d  hy th e  p o ly a n io n s  d u r in g  e l e c t r o l y t i c  t r a n s fe r e n c e  in  
sodium p o ly a c r y la t e  s o lu t io n ,  over  th e  range 25 to  100$  n e u t r a l i ­
s a t io n ,  was u n e x p e c te d ly  h ig h  and n e a r ly  c o n sta n t  a t  0*4 to  0 . 5 > 
in d ic a t in g  t h a t  th e  n e t  charge on th e  p o ly io n  was h ig h  under  
th e s e  c o n d it io n s *  F u r th er  i n v e s t ig a t io n s  o f  th e  same system  
[4 9 ]  r e v e a le d  th a t  th e  f r a c t i o n  o f  sodium  io n s  w hich were 
a s s o c ia t e d  d e c r e a se d  a s  th e  polym er c o n c e n tr a t io n  in c r e a s e d ,  
a t  a c o n sta n t  d eg ree  o f  n e u t r a l i s a t io n .  The r a te  o f  exchange
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o f  sodium c o u n te r io n s  a c r o s s  a s in t e r e d  g la s s  p lu g  in  p o ly ­
a c r y la te  s o lu t io n s ,  m easured by  r a d io a c t iv e  tr a c e r  te c h n iq u e s ,  
in d ic a te d  th a t  th e r e  were two d i s t i n c t  r a t e s :  a f a s t  exchange
in v o lv in g  th e  sodium io n s  o u ts id e  th e  p o ly io n  dom ains, and a 
slow  exchange in v o lv in g  th o se  in s id e  th e  p o ly io n  domains [ 5 0 ] •  
T h is in d ic a t e s  th a t  th e  r a te  o f  exch ange b etw een  bound and f r e e  
c a t io n s  in  p o ly  (sodium a c r y la t e )  s o lu t io n  i s  a p p r e c ia b le  bu t  
not la r g e  compared w ith  th e  e x p e r im e n ta l tim e sc a le *  The stea d y  
s t a t e  d i f f u s i o n  m ethod, a p p lie d  to  p o ly ( e th y le n e im in e  h yd ro­
c h lo r id e )  s o lu t io n s  w ith  r a d io a c t iv e  c h lo r id e  c o u n te r io n s  [ 51 ] 
showed th a t  th e  f r a c t io n  o f  c h lo r id e  io n s  a s s o c ia t e d  w ith  th e  
p o ly c a t io n  was about one h a lf*  The f r a c t io n  o f  f r e e  cadmium 
io n s  in  aqueous cadmium p o ly s ty r e n e  su lp h o n a te  s o lu t io n s  has  
been in v e s t ig a t e d  p o la r o g r a p h ic a l ly  [ 5 2 ] ,  t h i s  f r a c t io n  was 
o b ta in ed  from th e  r a t i o  o f  th e  d i f f u s i o n  c u r re n t in  th e  s o lu ­
t io n  c o n ta in in g  o n ly  p o l y e le c t r o l y t e  to  th a t  i n  an e x c e s s  o f  
su p p o rtin g  e l e c t r o ly t e *  The r e s u l t s  in d ic a t e d  th a t  th e  p o ly ­
an ion  dom ains c o n ta in e d  a la r g e  p r o p o r t io n  o f  th e  cadmium io n s ,  
over th e  c o n c e n tr a t io n  range in v e s t ig a t e d  ( 9*8 x 10"”  ^ to  
1*9 x IC f2 equ iv*  l . ~ 1 ) .
R a d io a c t iv e  t r a c e r  te c h n iq u e s  have a l s o  shown th a t  
cesium  i s  bound to  a p o ly a c r y la te  c h a in  much l e s s  th an  sodium  
[ 53] as w ould be e x p e c te d  fo r  an a l k a l i  io n  o f  la r g e r  c r y s t a l l o -  
grap h ic  r a d iu s .
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C ou n terion  b in d in g  o f  a l k a l i  c a t io n s  h as b een  demon­
s t r a t e d  [3 4 ]  by d i la to m e tr ic  m easurement o f  th e  m ix in g  o f  t e t r a -  
methylammonium s a l t s  o f  p o ly m eric  a c id s  w ith  a l k a l i  h a l i d e s .
The w ater  o f  h y d r a t io n  o f  th e  c a t io n  i s  in  a h ig h ly  com pressed  
s t a t e ,  and when i t  i s  r e p la c e d  by an o th er  l ig a n d  a c h a r a c t e r is ­
t i c  exp an sion  i s  observed* C ath ers and F uoss [5 5 ]  found  th a t  
th e  condu ctan ce o f  p o ly ( 4 -v in y l-N -b u ty lp y r id in iu m  brom ide) 
s o lu t io n s  in c r e a s e d  a s th e  d i e l e c t r i c  c o n s ta n t  o f  th e  medium 
in c r e a s e d . T h is  i s  a t t r ib u t e d  to  the g r e a te r  p r o p o r tio n  o f  
brom ide c o u n te r io n s  a b le  to  e sca p e  from th e  e l e c t r o s t a t i c  in ­
f lu e n c e  o f . t h e  p o ly c a t io n s  when th e  d i e l e c t r i c  c o n s ta n t  i s  h igh*
O sm otic p r e ssu r e  (x ) m easurem ents o f  p o l y e le c t r o l y t e
f o r  th e  p a r t ia l  r e t e n t io n  o f  co u n te r io n :  
s o lu t io n s  a t  d i f f e r e n t  c o n c e n tr a t io n s  (c) p r o v id e  e v id e n c q /b y
p o ly io n s .  S tr a u s s  and F u o ss [5 6 ]  compared th e  v a lu e s  o f  x / c  
f o r  p o ly ( 4 - v in y lp y r id in e )  and p o ly (4 -v in y l-N -b u ty lp y r id in iu m  
brom ide) in  e th a n o l ,  th e  p o l y e l e c t r o l y t e  b e in g  p rep ared  from  
the polym er* V a lu es  o f  x / c  fo r  th e  polym er in c r e a se d  l i n e a r ­
l y  w ith  C, b u t fo r  th e  p o l y e le c t r o l y t e  th e s e  v a lu e s  were much 
h ig h er  and d e c r e a se d  as C in c r e a s e d . T h is  was a t t r ib u t e d  to  
th e  g r e a te r  p r o p o r tio n  o f  o s m o t ic a l ly  a c t iv e  e n t i t i e s  in  th e  
more d i l u t e  p o l y e l e c t r o l y t e  s o l u t i o n s ,  due to  th e  e sca p e  o f  
c o u n te r io n s  from  th e  p o ly io n  dom ains, th e  c o u n te r io n s  a s s o c ia ­
ted  w ith  th e  p o ly io n  e x e r t in g  o n ly  a v e r y  sm a ll p r e ssu r e  on th e
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osmometer membrane* The a d d it io n  o f  a s im p le  e l e c t r o l y t e  
(0 .6N  l ith iu m  brom ide) h o th  to  th e  p o l y e le c t r o l y t e  s o lu t io n  
and to  th e  e th a n o l?  on th e  two s id e s  o f  th e  osm om eter membrane, 
r e s u l t e d  in  a v a r ia t io n  o f  '•% / C  w ith  G w hich  resem b led  th a t  
o f  th e  o r ig in a l  p o ly  (U -v in y lp y r i  d in e )  • The brom ide a n io n s  
ten d  to  m in im ise  th e  c o u n te r io n  d i f f u s i o n  from th e  p o ly io n  
dom ains. T h e r e fo r e , a f t e r  th e  a u to m a tic  a llo w a n ce  f o r  the  
c o n tr ib u t io n  o f  th e  added e l e c t r o l y t e ,  th e  o n ly  o s m o t ic a l ly  
a c t iv e  com ponents in  th e  s o lu t io n  were th e  p o ly io n  c o u n te r io n  
a s s o c ia t io n s ,  w hich  a s  s t a t e d  e a r l i e r  e x e r t  o n ly  a sm a ll  
p r e ssu r e  on th e  osmometer membrane, g iv in g  r i s e  to  an o sm o tic  
p r e ssu re  s im i la r  to  th a t  o f  p o ly (Z j.-v in y lp y r id in e ) a t  th e  same 
c o n c e n tr a t io n .
T h e o r e t ic a l  tr e a tm e n ts  [5 7 ]  a l s o  le a d  to  th e  c o n c lu s io n  
th a t th e  p r o p o r tio n  o f  c o u n te r io n s  h e ld  w ith in  or n ear  th e  
p o ly io n  w i l l  d e c r e a se  on d i l u t i o n  o f  th e  s o l u t i o n .
E v id en ce  f o r  th e  e x p a n s io n  o f  p o ly io n s  on d i l u t i o n  o f
p o ly e le c t r o ly t e  s o lu t io n s  can be  o b ta in ed  from m easurem ents o f
reduced v i s c o s i t i e s ,  ^SP , where T) i s  th e  s p e c i f i c  v i s c o s i t y
C
o f  th e  s o lu t io n  a t  a c o n c e n tr a t io n  G. When G i s  above about 
—11 g* d l .  th e  p o ly io n s  are  in  c o n ta c t  w ith  ea ch  o th e r  and n o t  
expanded to  any la r g e  d e g r e e . The red u ced  v i s c o s i t y  i s  th en
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about th e  same a s  th o s e  en co u n tered  fo r  s o lu t io n s  o f  uncharged  
p o lym ers. As th e  s o lu t io n  i s  d i lu t e d  th e  v a lu e s  o f  th e  r e ­
duced v i s c o s i t y  in c r e a s e  and "become v e r y  la r g e  a s C ap p roach es  
z e r o . T h is  v a lu e  r e f l e c t s  th e  e x p a n sio n  o f  th e  p o ly io n s  w hich  
occu rs a s th e  s o lu t io n  i s  d i l u t e d .  An e m p ir ic a l  e x p r e s s io n  
fo r  th e  r ed u c ed  v i s c o s i t y  in  term s o f  th e  c o n c e n tr a t io n  h as  
heen  fo rm u la ted  [5 8 ] •  The a d d it io n  o f  a s im p le  e l e c t r o l y t e  
in  s u f f i c i e n t  e x c e s s  to  th e  p o l y e l e c t r o l y t e  s o lu t io n  c o m p le te ly  
su p p re sse s  th e  in c r e a s e  o f  red u ced  v i s c o s i t y  w ith  d i l u t i o n ,  and
n
produces in s te a d  a l in e a r  in c r e a s e  o f  SP w ith  an in c r e a s e
C
in  C, rese m b lin g  th a t  o f  uncharged  p o ly m ers . T h is  can he  
r e a d ily  e x p la in e d  in  term s o f  r e t e n t io n  o f  c o u n te r io n s  h y  th e  
p o ly io n s  on d i l u t i o n ,  when s im p le  e l e c t r o l y t e  i s  p r e s e n t ,  s in c e  
under th e s e  c o n d it io n s  th e  p o ly io n s  would n o t  expand  a p p r e c ia b ly »
A c t iv i t y  C o e f f i c i e n t s  o f  C o u n ter io n s and B y - io n s
B y - io n , c o - io n ,  or n eben ion  a r e  th e  term s a p p lie d  to  
th e  io n ic  s p e c ie s  w ith  a charge o f  th e  same s ig n  a s  th e  
p o ly io n .
The therm odynamic p r o p e r ty  o f  p o l y e l e c t r o l y t e  s o lu t io n s  
which h as r e c e iv e d  m ost e x p e r im en ta l a t t e n t io n  i s  th e  mean 
a c t i v i t y  o f  th e  c o u n te r io n s .
I t  i s  g e n e r a l ly  found th a t  th e  mean c o u n te r io n  a c t i v i t y  
c o e f f i c i e n t  o f  a p o l y e l e c t r o l y t e  s o lu t io n  i s  m arkedly low er
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than a co rresp o n d in g  v a lu e  f o r  a s im p le  e l e c t r o l y t e  s o lu t io n ,  
even a t  th e  h ig h e s t  d i l u t i o n s  w h ic h  a l lo w  m ean in gfu l m easure­
m ents, and i s  in d ep en d en t o f  th e  d egree  o f  p o ly m e r isa t io n  [ 5 9 *6 0 ] 
I t  i s  g e n e r a l ly  a c c e p te d  th a t  th e  c o u n te r io n s  r e ta in e d  n ear  a 
p o ly io n  "by th e  h ig h  e l e c t r o s t a t i c  p o t e n t ia l  have a c t i v i t y  
c o e f f i c i e n t s  low er th an  th o s e  o f  th e  c o u n te r io n s  fu r th e r  away 
from th e  p o ly io n  [ 6 l ] ,  and th a t  th e  o b serv ed  low  mean c o u n te r io n  
a c t i v i t y  c o e f f i c i e n t s  in  p o l y e le c t r o l y t e  s o lu t io n s  r e s u l t  from  
t h i  s o
Kern [ 6 2 ] found  th a t  th e  a c t i v i t y  c o e f f i c i e n t s  o f  sodium  
io n s ,  m easured p o t e n t io m e t r ic a l ly  in  aqueous sodium p o ly ­
a c r y la te  s o l u t i o n s ,  were lo w er  th an  th o s e  in  sodium  b u ty r a te  
s o lu t io n s *  The d e p r e sse d  a c t i v i t y  c o e f f i c i e n t  o f  sodium io n s  
in  th e  p r e sen ce  o f  p o ly a n io n s  in  s o lu t io n  was a l s o  n o te d  by  
Nagasawa and Kagawa [ 5 9 ] who found th a t  th e  a c t i v i t y  c o e f f i c i e n t  
showed a marked dependence on the charge d e n s i ty  o f  th e  p o ly io n ,  
th e  a c t i v i t y  c o e f f i c i e n t  d e c r e a s in g  as th e  charge d e n s i ty  in ­
c r e a se d . B oth  Nagasawa and Kagawa [5 9 ]  and Kern [ 6 2 ] o b serv ed  
th a t  th e  a c t i v i t y  c o e f f i c i e n t s  o f  sodium  c o u n te r io n s  in  aqueous 
p o ly e le c t r o ly t e  s o lu t io n s  d e c r e a se d  on d i l u t i o n  o f  th e  s o l u t i o n s .  
T his b eh a v io u r  i s  in  c o n tr a s t  to  th a t  p r e d ic te d , s in c e  d i l u t i o n  
would n o rm a lly  cau se  a g r e a te r  p r o p o r tio n  o f  c o u n te r io n s  to  
le a v e  th e  p o ly io n  dom ains, r e s u l t in g  in  an in c r e a s e  i n  th e
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observed  mean c o u n te r io n  a c t i v i t y  c o e f f i c i e n t .  An in v e s t i g a ­
t io n  [6 0 ]  o f  th e  a c t i v i t y  c o e f f i c i e n t s  o f  sodium  c o u n te r io n s  
o f  l in e a r  p o ly a n io n s  w ith  d i f f e r e n t  sp a c in g s  o f  th e  charged  
groups a lo n g  th e  c h a in , r e v e a le d  th a t  when th e  sp a c in g  was 
l e s s  than a c e r ta in  v a lu e  th e  mean a c t i v i t y  c o e f f i c i e n t  o f  th e  
co u n te r io n s  was p a r t i c u la r ly  low , and a lm ost in d ep en d en t o f  
c o n c e n tr a t io n . F or la r g e r  sp a c in g s  th e  a c t i v i t y  c o e f f i c i e n t  
was h ig h e r , and approached th e  v a lu e s  o b served  i n  s im p le  e l e c t r o ­
l y t e  s o l u t i o n s .  I t  was a l s o  found [6 0  ] th a t  th e  in c r e a s e  in  
reduced  v i s c o s i t y  o f  th e  s o lu t io n s  w ith  d i lu t io n  was n o t  
accom panied by  an in c r e a s e  in  th e  mean a c t i v i t y  c o e f f i c i e n t  o f  
th e  sodium c o u n te r io n s . In  t h i s  r e s p e c t ,  p o ly e le c t r o ly t e  
s o lu t io n s  c o n ta in in g  sodium c o u n te r io n s  a g a in  showed u n ex p ec ted  
b eh a v io u r , s in c e  th e  ex p a n sio n  o f  th e  p o ly io n s  on d i lu t io n  
(as r e v e a le d  by th e  in c r e a s e  in  red uced  v i s c o s i t y )  w ould b e  
ex p ected  to  r e s u l t  in  an in c r e a s e  in  th e  mean a c t i v i t y  c o e f f i ­
c ie n t  o f  th e  sodium  io n s , due to  a sm a lle r  p r o p o r t io n  o f  them 
b e in g  r e ta in e d  in  th e  p o ly io n  dom ains.
The e x p e c te d  in c r e a s e  in  a c t i v i t y  c o e f f i c i e n t ,  on d i lu t io n  
o f  a s o lu t io n  o f  s i l v e r  c a r b o x y m e th y lc e llu lo s e , was found [ 6 3 ] •
P o ta ssiu m  io n s  in  s o lu t io n s  o f  p o ta ss iu m  p o ly ( p - s t y r e n e -  
su lp h o n a te) p o s s e s s  a lo w  a c t i v i t y  c o e f f i c i e n t  (ab ou t 0 .2 5  over  
a c o n c e n tr a t io n  range o f  about 0 .0 2  to  0 .3 6 m) [6 h l*
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The mean a c t i v i t y  c o e f f i c i e n t s  o f  a n io n s  in  th e  p r e se n c e  
o f  p o ly - c a t io n s  are  a l s o  low er  th an  th e  v a lu e  in  th e  c o r r e s ­
ponding s im p le  e l e c t r o l y t e  s o l u t i o n s .  F or exam ple, th e  
c h lo r id e  io n  a c t i v i t y  c o e f f i c i e n t s  in  aqueous s o lu t io n s  o f  
p o ly ( e th y le n e im in e  h y d r o c h lo r id e )  are  low er  than th o s e  in  
s o lu t io n s  o f  th e  an a logou s low  m o lecu la r  w e ig h t s a l t s  [ 5 1 ] ;  
a lso  th e  approxim ate mean h y d ro x y l io n  a c t i v i t y  c o e f f i c i e n t  in  
aqueous p o ly (v in y lb e n z y ltr ie th y la m m o n iu m  h y d ro x id e) s o lu t io n  
was found to  h e  low er  (about 0 .5  a t  a c o n c e n tr a t io n  o f  0.01M) 
than th a t  ob served  fo r  th e  h y d ro x y l io n  in  an aqueous sodium  
h yd rox id e s o lu t io n  [ 6 5 ]*
However, r e c e n t  i n v e s t i g a t io n  [6 6 ]  h as shown th a t  th e  
c o n tr ib u t io n  o f  th e  m acroions to  th e  thermodynamic p r o p e r t ie s  
o f  th e  s o lu t io n  i s  n o t n e g l i g i b l e .  P r e v io u s ly  i t  had been  
assumed t h a t ,  b e ca u se  o f  th e  r e l a t i v e l y  sm a ll number o f  m acio -  
ion s compared w ith  c o u n te r io n s , any changes i n  th e  thermodynamic 
p r o p e r t ie s  o f  th e s e  io n s  would have v e ry  l i t t l e  e f f e c t  on th e  
p r o p e r t ie s  o f  th e  s o l u t i o n .  The mean a c t i v i t y  c o e f f i c i e n t  o f  
a p o l y e le c t r o l y t e  was m easured d i r e c t l y  f o r  th e  f i r s t  t im e , 
fo r  sodium p o ly a c r y la t e  s o lu t io n s  u s in g  a c o n c e n tr a t io n  c e l l .
The r e s u l t s  o b ta in e d  show th a t  w h ile  th e  s i n g l e - i o n  a c t i v i t y  
c o e f f i c i e n t  o f  th e  c o u n te r io n s , in  sodium  p o ly a c r y la t e  s o l u t i o n s ,  
rem ains a lm ost c o n s ta n t  (0 .2 9  to  0 .2 8 )  over th e  c o n c e n tr a t io n
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range 0*001|.35M t o  0.227M , r e s p e c t i v e l y ,  the mean a c t i v i t y  
c o e f f i c i e n t  i s  red uced  (from  0 .3 2  to  0*15)*  T h is d em on stra tes  
th a t  th e  s i n g le - io n  a c t i v i t y  c o e f f i c i e n t  o f  th e  m a cro -io n  
d e c r e a se s  w ith  an in c r e a s e  in  c o n c e n tr a t io n  o f  th e  p o ly e le c t r o ­
l y t e .
S im u lta n eo u s m easurem ent o f  th e  a c t i v i t y  c o e f f i c i e n t s  
o f  c o u n te r io n s  and b y - io n s  in  p o l y e l e c t r o l y t e  s o lu t io n s  [6 7 * 6 8 ]  
in d ic a t e  th a t  th e  p r e se n c e  o f  a p o ly io n  has a r e l a t i v e l y  sm a ll  
e f f e c t  on th e  a c t i v i t y  c o e f f i c i e n t  o f  th e  b y - io n .
T h e o r e t ic a l  c o n s id e r a t io n s  o f  th e  b eh a v io u r  o f  d i l u t e  
system s [ 6 9 ] have l e d  t o  the c o n c lu s io n  th a t  th e  a d d it io n  
o f  s im p le  s a l t s  h as r e l a t i v e l y  l i t t l e  e f f e c t  on th e  c o u n te r io n  
atm osphere in  th e  im m ediate v i c i n i t y  o f  a h ig h ly  charged  p o ly ­
m eric c h a in . T hus, i t  seem s r e a so n a b le  th a t  th e  a c t i v i t i e s  
o f  io n s  in  a system  c o n ta in in g  b o th  p o l y e l e c t r o l y t e s  and 
sim p le  s a l t s  sh o u ld  b e  sums o f  th e  a c t i v i t i e s  o f  th e  io n ic  
s p e c ie s  to  be e x p e c te d  in  a s a l t - f r e e  p o l y e l e c t r o l y t e  and a 
p o l y e l e c t r o l y t e - f r e e  s a l t  s o l u t i o n .  T h is  s im p le  s u p e r p o s it io n  
p r in c ip le  was v e r i f i e d  e x p e r im e n ta lly  by pH m easurem ents [70*J 
and by d i a l y s i s  e q u il ib r iu m  s t u d ie s  [6 8 ,7 1 ]*  T h is s im p le  
a d d i t iv i t y  r u le  i s  a l s o  foun d  to  ap p ly  to  th e  o sm otic  p r e ssu r e  
o f  a p o l y e l e c t r o l y t e  s o lu t io n  w ith  an added s a l t  [ 67c] in  a l l  
c a se s  e x ce p t v e r y  d i l u t e  s o l u t i o n s .
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The e l e c t r o s t a t i c  n a tu re  o f  th e  fo r c e  e x e r te d  hy th e  
p o ly io n  on i t s  c o u n te r io n s  h a s h een  d em onstrated  in  aqueous 
s o lu t io n s  o f  p o l:y (p -s^ ? en esu lp h o n ic  a c id ) [ 7 2 ] .  T h is  p o ly ­
e l e c t r o l y t e  app ears to  he o n ly  p a r t i a l l y  d i s s o c ia t e d  in  so lu t io n ?  
hut p ro to n  m agn etic  reso n a n ce  s t u d ie s  r e v e a le d  th a t  a l l  o f  th e  
su lp h o n ic  a c id  group p ro to n s were i n  an io n ic  s t a t e  and in  no 
way hound c o v a le n t ly  to  th e  su lp h o n a te  g r o u p s .
T h e o r e t ic a l  c o n s id e r a t io n s  [7 3 ]  in d ic a t e  th a t  th e  pro­
p o r t io n  o f  c o u n te r io n s  a s s o c ia t e d  w ith  p o ly io n s  sh o u ld  he  
g r e a te r  fo r  b iv a le n t  th an  u n iv a le n t  c o u n te r io n s  a t  th e  same 
e q u iv a le n t  c o n c e n tr a t io n , i . e .  when th e  m o la r ity  o f  th e  u n i­
v a le n t  io n s  i s  tw ic e  th a t  o f  th e  b iv a le n t  io n s .  I t  h as a ls o  
been con clu d ed  t h e o r e t i c a l l y  [7 3 ]  t h a t  th e  e x te n t  o f  c o u n te r io n  
a s s o c ia t io n  sh o u ld  n o t  be v e r y  s e n s i t i v e  to  tem p erature ch an ge .
The c o m p le x it ie s  a s s o c ia t e d  w i t h  th e  b eh a v io u r  o f  
f l e x i b l e  c h a in  p o l y e l e c t r o l y t e s  are la r g e ly  ca u sed  b y  th e  i n t e r ­
dependence o f  p o ly io n  ex p a n s io n  and th e  d i s t r i b u t io n  o f  th e  
m ob ile  io n s  in  th e  v i c i n i t y  o f  th e  charged  c h a in . C on seq u en tly  
t h e o r e t i c a l  tr e a tm e n ts , by  u se  o f  *model sy stem s *, can o n ly  
g iv e  a p a r t i a l  s o lu t io n ;  how ever, th e  q u a l i t a t i v e  in s ig h t  
gain ed  from  th e s e  tr e a tm e n ts  i s  a v a lu a b le  a s s i s t a n c e  t o  th e  
in t e r p r e t a t io n  o f  p o l y e l e c t r o l y t e  p r o p e r t i e s .
In  order to  o b ta in  a g r a p h ic a l r e p r e s e n ta t io n  o f  th e
-U 2 -
c o u n te r io n  d i s t r i b u t io n  around a p o ly io n , th e  p o ly io n  can be  
c o n s id e r e d , f o r  exam ple, t o  b e  r o d - l ik e  w ith  a f i x e d  r a d iu s
o
(6a ) and a un iform  s u r fa c e  charge o f  0 .2  e l e c t r o n i c  u n i t s
o
o f  charge per A . The c a lc u la t e d  [71+] c o u n te r io n  d i s t r ib u t io n  
around th e  above s p e c i f i e d ,  r o d - l ik e  p o ly io n  i s  shown in  F i g . 2 
i s  th e  m o la r ity  o f  th e  f i x e d  c h a r g es  over  th e  e n t i r e  volum e 
o f  th e  sy s te m . The ch arge d e n s i t y  co rresp o n d s a p p ro x im a te ly  
to  h a l f  io n is e d  p o l y ( a c r y l i c  a c id ) .
I n t e g r a l  C ou n terion  D is t r ib u t io n  Around R o d - lik e  
P o ly io n s
f r a c t i o n  o f
C ounterions-
2 \ .25* -k 2ST * Hi
 n—
300200 400100
f--*
D is ta n c e  from  P o l-io n , A.
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The ob served  p r o p e r t ie s  o f  p o l y e le c t r o l y t e  s o lu t io n s ,  
d e sc r ib e d  a b o v e , to g e th e r  w ith  t h e o r e t i c a l  tre a tm en ts  o f  
th e  e l e c t r o s t a t i c  p o t e n t ia l  around p o ly io n s  [ 5 7 ,7 3 ] ,  have l e d  to  
the v iew  th a t  a l in e a r  p o ly io n  in  a s o lu t io n  f r e e  from  s im p le  
e l e c t r o l y t e  p o s s e s s e s  an e x te n d ed , c o i l e d  c o n f ig u r a t io n ,  
the e x te n s io n  in c r e a s in g  a s th e  ch arge  d e n s ity  o f  th e  p o ly io n  
in c r e a s e s  and as th e  s o lu t io n  becom es more d i l u t e ,  p rov id ed  
th a t  th e  f l e x i b l e  c h a in  can be  fu r th e r  expanded*
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POLYELBCTROLYTE EFFECTS ON REACTION RATES
T hese e f f e c t s  can he b r o a d ly  c l a s s i f i e d  in to  two c a te ­
g o r ie s .  F i r s t l y ,  th e  v e ry  s p e c i f i c  e f f e c t s  on r e a c t io n s  
in v o lv in g  p r o t e in s ;  th e s e  are caused  b y  th e  s t e r e o - s p e c i f i c  
p o s i t io n in g  o f  p a r t ic u la r  groups in  the m acrom olecu le . A 
r e a c t iv e  group may be p o s i t io n e d  in  th e  i n t e r i o r  o f  a g lo b u la r  
s tr u c tu r e  and th u s b e  i n a c c e s s ib le  to  a g iv e n  ch em ica l rea g en t  
as lo n g  a s  th e  co n fo rm a tio n  o f  th e  a c t iv e  s t a t e  i s  m a in ta in e d . 
I t  i s  a ls o  p o s s ib le  th a t  th e  r e a c t i v i t y  o f  a p a r t ic u la r  fu n c ­
t io n a l  group may be enhanced or  red u ced  by  i t s  j u x ta p o s i t io n  
to  a n o th er  grou p . The rem oval o f  th e  p r e c i s e l y  d e f in e d  m acro- 
m o lecu la r  con form ation  o f  p r o t e in s ,  when th e y  a re  d en a tu red , 
c o n s id e r a b ly  changes t h e ir  r e a c t i v i t y .
B arron [7 5 ]  has rev iew ed  th e  l i t e r a t u r e  on t h i s  s u b j e c t .  
Most p r o te in s  c o n ta in  t h i o l  groups o f  c y s t e in e  r e s id u e s .  Such  
grou p s, when a tta c h e d  to  sm a ll m o le c u le s , a re  r e a d i ly  o x id is e d  
by a v a r ie t y  o f  o x id i s in g  r e a g e n t s .  Y et in  n a t iy e  g lo b u la r  
p r o t e in s ,  such  t h i o l  groups are f r e q u e n t ly  ’masked* so th a t  
t h e ir  r e a c t i v i t y  i s  o n ly  o b serv ed  when th e  p r o t e in  i s  de­
n a tu red .
The secon d  c a te g o r y , w hich w i l l  be d is c u s s e d  in  more 
d e t a i l ,  con cern s th e  d i f f e r e n c e s  in  c a t a l y t i c  pow ers o f  sy stem s  
c o n ta in in g  p o ly io n s ,  when th e s e  d i f f e r e n c e s  a re  b rou gh t about
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To y  in t e r a c t io n  o f  a p o ly io n  and sim p le  io n s  or charged  s p e c i e s .
Morawetz and W esthead [ 7 6 ] ,  in  1955* f i r s t  p o in te d  c u t  
th a t  th e  r a t e s  o f  c h em ica l r e a c t io n s  in  p o l y e le c t r o l y t e  s o lu ­
t io n s  co u ld  d i f f e r  from th o s e  in  th e  c o rresp o n d in g  s im p le  
e l e c t r o ly t e  s o l u t i o n s .  They a ls o  s t a t e d  th a t  s t u d ie s  o f  
such lfp o l y e le c t r o l y t e  e f f e c t s ” in  th e  k i n e t i c s  o f  a r e a c t io n  
in v o lv in g  an io n ic  s p e c ie s  c o u ld  p r o v id e  in fo r m a tio n  on th e  
e l e c t r o s t a t i c  in t e r a c t io n  b etw een  th e  p o ly io n  and th e  s im p le  
r e a c ta n t  io n , and c o u ld  a ls o  p rove a u s e f u l  a id  to  th e  under­
s ta n d in g  o f  th e  r e la t e d  phenomenon o f  c a t a l y s i s  h y  io n -e x ch a n g e  
r e s i n s .  F urtherm ore, th e y  c o n s id e r e d  th a t  th e  u se  o f  p o ly ­
e l e c t r o l y t e s  a s  model sy stem s m ight a s s i s t  in  e x p la in in g  some 
a sp e c ts  o f  th e  c o m p lic a te d  p r o c e s s e s  o f  enzym ic c a t a l y s i s .
The p r e sen ce  o f  m acrom olecu les in  d i l u t e  s o lu t io n  h a s ,  
in  g en era l., l i t t l e  e f f e c t  on th e  r e a c t io n s  o f  sm a ll m o le c u le s  
w ith  each o th e r .  A lth ou gh  th e  p r e se n c e  o f  a polym er may 
in c r e a s e  a p p r e c ia b ly  th e  macroscopic v i s c o s i t y  o f  th e  sy stem , 
th e  m o b i l i ty  o f  sm a ll m o lec u la r  s p e c ie s  u s u a l ly  rem ains a lm ost  
unchanged. M oreover, even i f  th e  m o b i l i t y  o f  th e  r e a c t iv e  
s p e c ie s  were r e d u c e d , th e r e  m ight be no a p p r e c ia b le  e f f e c t  on 
th e  r e a c t io n  r a t e ,  s in c e  m ost c h em ica l p r o c e s s e s  have an 
a c t iv a t io n  en ergy  w hich r e q u ir e s  a v e r y  la r g e  number o f  m ole­
c u la r  c o l l i s i o n s  b e fo r e  th e  r e a c t io n  w i l l  o c c u r . W hile  a
low ered  m o b i l i t y  o f  th e  r e a c t iv e  s p e c ie s  w i l l  red u ce  th e  r a te  
a t  w hich th e y  approach one a n o th er , i t  w i l l  a l s o  d im in ish  
th e  v e l o c i t y  w ith  w hich th e y  d i f f u s e  a p a r t , so  th a t  th e  c o l l i ­
s io n  fr e q u e n c y  w i l l  n o t he a l t e r e d  [ 77 ]»
There e x i s t ,  how ever, some i n t e r e s t i n g  c a s e s  where an 
added polym er may e x e r t  a pronounced e f f e c t  on th e  r e a c t io n  
r a te  o f  sm a ll m o le c u le s .  Such an e f f e c t  may have two d i f f e r e n t  
c a u s e s . F i r s t l y ,  i f  th e  polym er e x e r t s  f o r c e s  on "both th e  
in t e r a c t in g  s p e c i e s ,  i t  may m odify  t h e i r  r e l a t i v e  d i s t r ib u t io n  
in  th e  system  and t h i s  w i l l  le a d  to  an a l t e r e d  c o l l i s i o n  f r e ­
quency, S e c o n d ly , th e  polym er may a s s o c ia t e  w ith  one o f  th e  
r e a g e n ts  and t h i s  com plex may have a r e a c t i v i t y  d i f f e r e n t  from  
th a t  o f th e  u n a s s o c ia te d  r e a g e n t .
For th e  f i r s t  c a s e ,  from a c o n s id e r a t io n  o f  mean io n ic  
a c t i v i t y  c o e f f i c i e n t s  [76], w hich are known to  he low er  in  
p o ly e le c t r o ly t e  s o lu t io n s  th a n  in  s im p le  e l e c t r o l y t e  s o lu t io n s  
( s e e  p r e v io u s  s e c t i o n ) ,  i t  was con c lu d ed  th a t  a sm a ll uncharged  
m olecu le  u n d ergo in g  a h y d ro x y l io n  -  or  hydrogen  io n  -  c a ta ly s e d  
r e a c t io n  sh o u ld  do so  i n  p o l y e l e c t r o l y t e  s o lu t io n  a t a r a te  
d i f f e r e n t  from th a t  i n  s im p le  e l e c t r o l y t e  s o lu t io n  a t  th e  same 
pH, In  th e  hyd rogen  io n - c a t a ly s e d  d eco m p o sitio n  o f  e t h y l  
d ia z o a c e ta te ,  in  low  m o lec u la r  w eig h t b u f f e r  s o lu t io n s  and 
p o ly (  m e t h a c r y l ic  a c id )  s o l u t i o n s ,  r e s p e c t i v e l y ,  s lo w e r  r a t e s
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were o b served  in  th e  p o ly m eric  a c id  s o lu t io n  [ 7 8 ] ,  To accou n t  
fo r  t h i s  r e s u l t ,  i t  was p rop osed  [7 6 * 7 8 ] th a t  e th y l  d ia z o -  
a c e ta te  was p a r t i a l l y  e x c lu d ed  from  th e  r e g io n s  around the  
p o ly -a n io n s  so th a t  w ith  th e  hyd rogen  io n  c o n c e n tr a t io n  enhanced  
in  th e s e  r e g io n s  and d im in ish ed  in  th e  o th e r  p a r ts  o f  th e  s o lu ­
t io n ,  th e  e th y l  d ia z o a c e ta te  m o le c u le s  were s u b je c te d  to  an 
e f f e c t i v e l y  lo w er  hydrogen io n  c o n c e n tr a t io n  i n  th e  p o ly m eric  
a c id  s o lu t io n  th an  th ey  w ould be in  a sim p le  e l e c t r o l y t e  s o lu ­
t io n  o f  th e  same pH,
Q u a l i t a t iv e ly ,  i t  i s  o b v io u s th a t  two io n ic  s p e c ie s  
ca rry in g  ch a rg es o f  th e  same s ig n  w i l l  b o th  be a t t r a c t e d  to  an 
o p p o s i t e ly  charged  p o ly io n  and th e  p o ly io n  w i l l ,  in  t h i s  c a s e ,  
a c t as a c a t a l y s t  by c o n c e n tr a t in g  th e  two r e a g e n ts  in  th e  
same r e g io n . On th e  o th e r  hand, i f  one o f  th e  r e a g e n t s  i s  
c a t io n ic  and th e  o th e r  a n io n ic ,  one w i l l  be  a t t r a c t e d  and the  
o th er  r e p e l le d  by  th e  p o ly io n ,  so  th a t  t h e i r  c o l l i s i o n  fr e q u e n c y  
w i l l  be red u ced  and th e  r e a c t io n  r a te  d im in ish e d ,. I f  b o th  
r e a g e n ts  are r e p e l le d  by  th e  p o ly io n ,  a c a t a l y t i c  e f f e c t  sh o u ld  
a g a in  b e  o b serv ed , b u t i t s  m agnitude w ould be e x p e c te d  to  be  
much sm a lle r  th a n  in  th e  c a se  o f  a r e a c t io n  in v o lv in g  two 
c o u n te r io n s .
A number o f  i n v e s t i g a t io n s  by Kern and co -w ork ers [7 9 * 8 0 ,  
8 1 ] ,  u s in g  th e  s tr o n g  p o ly m eric  a c id ,  p o ly (v in y ls u lp h o n ic  a c id ) ,
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as c a t a l y s t ,  s u b s ta n t ia t e d  some o f  th e  above c o n c lu s io n s .
Thus, fo r  th e  hydrogen  io n  c a ta ly s e d  h y d r o ly s is  o f  v a r io u s  
p e p t id e s ,  e . g .  g l y c y l g l y c i n e ,  i n  aqueous s o lu t io n  th e  p o lym eric  
a c id ,  in  low c o n c e n tr a t io n s , produced a r a t e  c o n s ta n t  o f  from  
th r e e  to  f i v e  t im es  th a t  o b ta in e d  in  su lp h u r ic  a c id  o f  th e  
same hydrogen io n  c o n c e n tr a t io n . T h is was a t t r ib u t e d  to  th e  
e x is t e n c e  o f  an enhanced c o n c e n tr a t io n  o f  b o th  hyd rogen  io n s  
and p ro to n a ted  p e p t id e  c a t io n s  (R .N H /)  in  th e  v i c i n i t y  o f  th e  
p o ly -a n io n s .  When a n e u tr a l  s u b s t r a t e ,  s u c r o s e , was em ployed, 
i t s  r a te  o f  in v e r s io n  was a p p ro x im a te ly  the same in  b o th  
p o ly (v in y ls u lp h o n ic  a c id )  and su lp h u r ic  a c id  a t  th e  same norm­
a l i t y  [ 79.] ,  w h ile  w ith  h y d r o c h lo r ic  a c id  th e  co rresp o n d in g  r a te  
c o n sta n t was h ig h e r  th an  th a t  fo r  th e  p o ly m eric  a c id  (b y  about 
5 2 %). The su c r o se  m o le c u le , b e in g  an e l e c t r i c a l l y  n e u tr a l  
e n t i t y ,  in t e r a c t e d  f a r  l e s s  s tr o n g ly  w ith  th e  e l e c t r o s t a t i c  
f i e l d  o f  th e  p o ly -a n io n  and so  rem ained more e v e n ly  d i s t r ib u t e d ,  
w ith  l i t t l e  con seq u en t m o d if ic a t io n  o f  th e  r a te  o f  the in v e r s io n .  
The p o ly m eric  enhancem ent o f  th e  r a te  was found to  be more 
pronounced f o r  d i l u t e  s o lu t io n s  o f  th e  a c id  [ 8Q’j .
P o ly ( s ty r e n e s u lp h o n ic  a c id )  was a ls o  found to  be more 
e f f e c t i v e  than  sim p le  a c id s ,  but l e s s  e f f e c t i v e  than p o l y ( v i n y l -  
su lp h o n ic  a c id ) ,  f o r  p e p t id e  h y d r o ly s is  [ 8 1 ] .  T h is  was ta k en  
as in d ic a t in g  th a t  th e  h ig h e r  th e  d e n s i t y  o f  a n io n ic  su lp h o n ic
a c id  groups on th e  prim ary s t r u c tu r e  o f  th e  polym er, th e  g r e a te r  
th e  enhancem ent o f  r e a c t io n  r a te *
The r a te  o f  p e p tid e  h y d r o ly s is  was found to  he independ­
en t o f  the d eg ree  o f  p o ly m e r isa t io n  o f  th e  p o ly -a n io n  [ 81 ]•
P a in te r  and Morgan [8 2 ]  r e p o r te d  s im i la r  e f f e c t s  in  th e  
h y d r o ly se s  o f  p o ly s a c c h a r id e s *  Thus,i f o r  ex a m p le , a s u b s tr a te  
c o n ta in in g  a b a s ic  amino group was h y d r o ly se d  in  O.OIjIT p o ly ­
s t y r e n e  su lp h o n ic  a c id )  a t  a r a t e  t h i r t y  t im e s  a s  r a p id  as in
0.01+h h y d r o c h lo r ic  a c id ,  w h ile  a s u b s t r a te  where th e  b a s i c  
amino group had been  r e p la c e d  by  a n e u tr a l  acetam id o  group was 
h y d ro ly sed  w ith  e q u a l e f f i c i e n c y  i n  th e  p r e sen ce  o f  th e s e  two 
a c id s*
P o ly (sty p ? en esu lp h o n ic  a c id )  was found  to  be a more e f f e c ­
t i v e  c a t a l y s t  f o r  th e  h y d r o ly s is  o f  e th y l  a c e t a t e  than  i t s  
monomeric a n a lo g u e , p - to lu e n e s u lp h o n ic  a c id ,  a t  th e  same a c id  
c o n c e n tr a t io n  [8 3 ]*
Morawetz and S c h a fe r  [ 8^] s tu d ie d  th e  h y d ro x y l io n  
c a ta ly s e d  h y d r o ly s e s  o f  p h en y l e s t e r s  c o n ta in in g  c a t io n ic  
grou p s, in  th e  p r e se n c e  o f  p o ly m eric  an ion s*  P o ly -a n io n s  w ith  
a h ig h  charge d e n s i ty  le a d  to  a more th an  tw e n ty fo ld  r e d u c t io n  
in  r e a c t io n  r a te  fo r  th e  d ou b ly  charged  c a t io n ic  e s t e r ,  e th y le n e
b is -[N ,N -d im e th y l-N -(p h e n o x y c a r b o n y lm e th y l)  ammonium] c a t io n ;
© ©
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The i n h ib i t io n  f a c t o r  fo r  t h i s  d o u b ly  charged  c a t io n
was g r e a te r  than  th a t  f o r  th e  s i n g ly  ch arged  R ,N ,N -tr im e th y l-
g
H -(p h en oxycarb on y lm eth y l) ammonium c a t io n  ( (C H ^ yN .C H ^ .C C ^ P h) > 
under th e  same c o n d i t io n s .  T h is  l a t t e r  e f f e c t  v m s  n o t s u p r is in g  
s in c e  th e  d ou b ly  charged  c a t io n  was e x p e c te d  to  undergo a more 
pronounced in t e r a c t io n  w ith  th e  e l e c t r o s t a t i c  f i e l d  o f  th e  
p o ly io n  th an  th e  s in g ly  charged  io n .  The in h ib i t io n  f a c t o r  
fo r  th e  d ou b ly  charged  e s t e r  was in c r e a s e d  ?/hen the d e n s i ty  o f  
the a n io n ic  s i t e s  on th e  p o ly io n s  was in c r e a se d * b u t showed a 
d e c r e a se  when the c o u n te r io n  c o n c e n tr a t io n  was enhanced by  th e  
a d d it io n  o f  s im p le  n e u tr a l  s a l t .  There was no change in  th e  
r a te  o f  h y d r o ly s is  o f  uncharged  p -n itr o p h e n y l  a c e t a t e  on a d d i­
t io n  o f  a p o ly -a n io n  to  th e  system * in d ic a t in g  th a t  th e  uncharged  
e s t e r  rem ained e v e n ly  d is t r ib u t e d  in  th e  p r e se n c e  o f  th e  p o ly ­
a n io n .
R ecen t in v e s t ig a t io n s *  in  t h i s  la b o r a to r y  [8 5 ]>  compared 
the r a te  o f  th e  b e n z id in e  rearrangem ent in  p o ly ( s ty r e n e s u lp h o n ic  
a c id )  and in  b e n z e n e su lp h o n ic  a c id  a t  th e  same n o r m a lity . I t  
i s  known th a t  th e  r a te  d e term in in g  s t e p  i n  t h i s  r e a c t io n  in v o lv e s  
th e  a t ta c k  o f  a h yd rogen  io n  on th e  c o n ju g a te  a c id  o f  h y d ra zo -  
benzene
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i . e . ,  th e  in t e r a c t io n  o f  two sp e c ie s ?  ea ch  c a r r y in g  a u n i t  
p o s i t i v e  c h a r g e . The p o ly -a n io n  w ould, t h e r e f o r e ,  he e x p e c ted  
to  a c t  as a p o w er fu l c a t a l y s t  and th e  p o ly s u lp h o n ic  a c id  was 
fou n d , in  f a c t ,  to  le a d  to  a r a te  more than a hundred t im e s  
h ig h e r  than  th a t  ob served  in  b e n z e n e su lp h o n ic  a c id  s o lu t io n  o f  
e q u iv a le n t  c o n c e n tr a t io n .
M orley [ 6 5 ] h as found th a t  th e  r a te  o f  h y d ro x y l io n  
c a ta ly s e d  d e c o m p o sit io n  o f  n itr o s o tr ia c e to n a m in e  in  aqueous 
s o lu t io n  was in c r e a s e d  (by  a f a c t o r  o f  1 .7 )  when p o ly ( v in y l -  
b en zy ltr ieth y lam m n n iu m  h y d ro x id e) was u sed  in s te a d  o f  sodium  
h yd rox id e or b en zy ltrieth y lam m on iu m  h y d ro x id e  as c a t a l y s t .
The in c r e a s e  was a t t r ib u t e d  to  an in c r e a s e  in  th e  concen­
t r a t io n  o f  b o th  n itr o s o tr ia c e to n a m in e  m o le c u le s  (b e ca u se  th e y
\
are p o la r is a b le )  and h y d ro x y l io n s  in  th e  p o ly c a t io n  dom ain s.
The a b o v e-q u o ted  exam ples are  r a th e r  u n s u ita b le  fo r  
com parison w ith  t h e o r e t i c a l  p r e d ic t io n s ,  s in c e  th e  i n t e r a c t io n  
o f  a r e l a t i v e l y  la r g e  o r g a n ic  r e a g e n t m o lec u le  w ith  a p o ly io n  
c e r t a in ly  c o n ta in s  c o n tr ib u t io n s  from o th e r  than  e l e c t r o s t a t i c  
f o r c e s .
A s tu d y  [8 6 ]  o f  th e  homogeneous h y d r o ly s is  o f  low  m ole­
c u la r  w e ig h t  e s t e r s  was c a r r ie d  out w ith  p o ly m eric  su lp h o n ic  
a c id s , su ch  a s p o ly (v in y ls u lp h o n ic  a c id ) , cop o lym ers o f  v i n y l -  
su lp h o n ic  a c id  and s ty r e n e ,  su lp h o n a ted  p o ly s ty r e n e s ,  e t c . ,  a s
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c a t a l y s t s .  I t  was proposed  th a t  in  an aqueous s o lu t io n  of* a 
p o ly m eric  su lp h o n ic  a c id ,  hydrogen io n s  are o n ly  foun d  in  th e  
neighb ourhood  o f  th e  polym er m o le c u le s , and in  a d i l u t e  s o lu t io n  
th e r e  i s  a r e g io n  where no hydrogen io n s  are a b le  to  c o n tr ib u te  
to  th e  h y d r o ly s is ;  as a r e s u l t  th e  h y d r o ly s is  o n ly  ta k e s  p la c e  
in  th e  p o ly io n  dom ains. When, fo r  exam ple, lo n g e r  a lk y l  
e s t e r s  such a s  b u t y l  a c e ta t e  are h y d r o ly s e d 'w ith  p a r t i a l l y  
su lp h o n a ted  p o ly s ty r e n e s ,  the e s t e r  m o le c u le s  are bound by  
hydrophob ic in t e r a c t io n  b etw een  a benzene r in g  and th e  a lk y l  
group; a h ig h e r  c o n c e n tr a t io n  o f  e s t e r  in  th e  neighb ourhood  
o f  th e  polym er m o le c u le  r e s u l t s ,  and in  th e  above exam ple th e  
r a te  o f  h y d r o ly s is  w ith  a p o ly m eric  su lp h o n ic  a c id  i s  more 
than  t e n  t im es  g r e a te r  th an  th a t  w ith  h y d r o c h lo r ic  a c id .  The 
r e s u l t s  a l s o  show th a t  when th e r e  i s  no in c r e a s e  in  e s t e r  con­
c e n tr a t io n  around th e  p o ly io n , th e r e  i s  a p p a r e n tly  no d i f f e r ­
ence betw een  th e  r a t e s  o f  h y d r o ly s is  by  p o ly m eric  su lp h o n ic  
a c id  and h y d r o c h lo r ic  a c id .  I t  was fu r th e r  shown th a t  e s t e r s  
c o n ta in in g  an amino groups are h y d r o ly se d  w ith  p o ly s ty r e n e -  
su lp h o n ic  a c id  a t  a much h ig h e r  r a te  than w ith  h y d r o c h lo r ic  
a c id  due to  e l e c t r o s t a t i c  in t e r a c t io n  w ith  th e  p o ly io n s .
Sakurada and co -w ork ers [8 6 ]  n o te d  th a t  th e r e  are many d i f f e r ­
en ces betw een  e l e c t r o s t a t i c  and h yd rop hob ic  in t e r a c t io n s  :
( i )  W ith  regard  to  h yd rop h ob ic  in t e r a c t io n  th e  a d d it io n
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o f  o r g a n ic  s o lv e n t  to  the r e a c t io n  m ix tu re  s t r o n g ly  weakens 
th e  a t t r a c t io n ,  w hereas in  th e  ca se  o f  e l e c t r o s t a t i c  i n t e r ­
a c t io n  even  in  50 vol.%  aqueous a c e to n e  c o n s id e r a b le  in c r e a s e  
o f  r e a c t io n  r a te  was found in  th e  p r e sen ce  o f  p o ly - a n io n s .
( i i )  I t  was found th a t  c a t a l y t i c  a c t i v i t y  caused  
p r im a r ily  b y  e l e c t r o s t a t i c  in t e r a c t io n  d e c r e a se d  m arkedly on 
th e  a d d it io n  o f  a sm a ll amount o f  n e u tr a l  s a l t .
( i i i )  In  th e  c a se  o f  a p u r e ly  e l e c t r o s t a t i c  in t e r a c t io n  
th e  c a t a l y t i c  a c t i v i t y  o f  th e  p o ly io n  u s u a l ly  in c r e a s e s  w ith  
in c r e a s in g  charge d e n s ity  a lo n g  i t s  m acrom olecu lar backbone  
whereas th e  r e v e r s e  o f t e n  o ccu rs  f o r  hyd rop hob ic  i n t e r a c t io n s .
I t  has a l s o  b een  found th a t  io n -e x ch a n g e  r e s in s  c a ta ly s e  
some r e a c t io n s  in  s o lu t io n  a t  r a te s  w hich  d i f f e r  s i g n i f i c a n t l y  
from th e  r a t e s  in  th e  co rresp o n d in g  hom ogeneous low  m o lec u la r  
w eigh t sy s te m s . Thus, i t  h as b een  shown [8 7 ]  th a t  th e  p o ly -  
( s ty r e n e s u lp h o n ic  a c id )  io n -e x ch a n g e  r e s in ,  D ow ex-50, brought 
about r a p id  h y d r o ly s is  o f  g ly c y lg ly c in e  in  aqueous sy s te m s ,  
w h ile  th e  co rresp o n d in g  h y d r o ly s is  o f  a c e t y lg ly c in e  was s lo w . 
T h is c o n tr a s te d  w ith  th e  r a t e  in  h y d r o c h lo r ic  a c id ,  w hich  ex ­
h ib i t e d  th e  r e v e r s e  o r d e r . I t  was prop osed  th a t  th e  amino 
groups p r e se n t  i n  th e  g ly c y lg ly c in e  m o le c u le s  cau sed  them 
to  in t e r a c t  (when p r o to n a te d )  w ith  th e  a n io n ic  su lp h o n a te  
groups o f  th e  r e s i n ,  le a d in g  t o  a more f a c i l e  r e a c t io n .
- 5 4 -
L e t s in g e r  and S a v e r e id e  [ 8 8 ] d em on stra ted  th a t  th e  
r a te s  o f  s o l v o l y s i s  o f  a n io n ic  n itr o p h e n y l e s t e r s  in  p o ly -  
(4 - v in y lp y r id in e )  show a dependence on th e  d egree  o f  n e u t r a l i s a ­
t io n  o f  th e  polym er, su ch  th a t  th e r e  i s  an optimum pH fo r  
the r a te  o f  each  r e a c t io n .  They e x p la in e d  t h i s  hy p ro p o sin g  
th a t  th e  p r o to n a te d  p yr id in iu m  groups o f  th e  p a r t i a l l y  
n e u t r a l is e d  polym er a t t r a c t  th e  a n io n ic  s u b s t r a t e s  to  th e  
polym er, where th e  c a t a l y t i c  t e r t i a r y  amine groups a r e  a b le  to  
e f f e c t  th e  s o lv o ly s e s  r e a d i l y .  S im ila r  r e s u l t s  were o b ta in e d  
by o th e r  w orkers [ 8 9 ] •
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E X P E H I M E N T A L
—56—
The C h lo ro m eth y la tio n  o f  P o ly s ty r e n e
The m ethod was "based on th a t  d ev e lo p ed  by  M orley [6 5 ]*  
F orm u lation
P o ly s ty r e n e  1 8 .0  g .  (0 .1 7 3  monomoles)
G hlorom ethyl m eth yl e th e r  2 3 6 .0  g . ( 2 .9 3  m oles)
Z inc c h lo r id e  (anhydrous) 7 0 .5  go (0 .5 1 7  m oles)
These q u a n t i t i e s  r e p r e s e n t  a m olar r a t io  o f  a p p ro x im a te ly
1 : 17 : 3 r e s p e c t i v e l y .
A ( l ,4 -D io x a n  120 m l.
A (
( D i s t i l l e d  w ater  120 m l.
The c h lo ro m e th y l m eth yl e th e r  was f r a c t i o n a l l y  d i s t i l l e d  
through a la g g e d  colum n ( 9,f)? packed w ith  F en ske h e l i c e s  
(3 -4  mm.) and a d ou b le  su r fa c e  co n d e n ser . A slo w  stream  o f  
dry n itr o g e n  was p a sse d  in to  th e  b o i l in g  l i q u i d  and th e  ap p aratu s  
was p r o te c te d  from a tm osp h eric  m o istu re  b y  a ca lc iu m  c h lo r id e  
guard tu b e .
Three f r a c t io n s  were c o l l e c t e d ,  th e  m id d le  one was r e -
25ta in e d  f o r  th e  c h lo r o m e th y la t io n ;  i t  had b .p .  58- 5 9 °® 1 *3 9 3 2 ;
l i t e r a t u r e  v a lu e s  [9 0 ]  b .p .  5 8 -6 0 ° , 1 .3 9 4 0 .
C h lorom eth yl m eth yl e th e r  and th e  fum es i t  p rod u ces in  
m oist a ir  are  u n p le a sa n t  and harm fu l; th e r e f o r e  any m anipula­
t io n s  in v o lv in g  i t  were c a r r ie d  o u t in  a fume cupb oard .
The z in c  c h lo r id e  (B .D .H . L a b o ra to ry  R ea g en t,
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ff ^>95$ a s Zn” ) was fu s e d  in  a p o r c e la in  b a s in  and k ep t in  i t s  
m o lten  s t a t e  fo r  tw en ty  m in u tes to  en su re  com p lete  rem oval o f  
w a te r . Drops o f  th e  m olten  z in c  c h lo r id e  were a llo w e d  to  f a l l  
in to  a m ortar, where th e y  were q u ic k ly  ground to  a powder and 
s to r e d  in  a d e s ic c a t o r .  The anhydrous z in c  c h lo r id e  th u s  
o b ta in ed  was a f i n e  w h ite  pow der.
The 1 ,4 -d io x a n  was f r a c t i o n a l l y  d i s t i l l e d  under n itr o g e n  
(b .p . 100- 101° ) .
Procedure
To th e  c h lo ro m eth y l m eth y l e th e r ,  c o n ta in e d  in  a one 
l i t r e  round bottom ed f l a s k  f i t t e d  w ith  a co n d en ser  and a 
m ercury s e a le d  s t i r r e r ,  and c o o le d  to  10 ° in  an ic e - w a t e r  b a th ,  
th e  p o ly s ty r e n e  was added s lo w ly  w ith  s t i r r i n g  t o  g iv e  a y e llo w  
s l i g h t l y  v is c o u s  s o l u t i o n .  The ap p ara tu s was p r o te c te d  from  
atm osp h eric  m o istu r e  b y  a ca lc iu m  c h lo r id e  guard tu b e . The 
f l a s k  c o n ta in in g  th e  powdered z in c  c h lo r id e  was c o n n ec ted  to  
one neck  o f  th e  r e a c t io n  v e s s e l  by  a sh o r t l e n g t h  o f  rubber  
tube and th e  z in c  c h lo r id e  was t r a n s fe r r e d  th rough  t h i s  tu b e to  
th e  r e a c t io n  v e s s e l  in  fo u r  a p p ro x im a te ly  eq u a l p o r t io n s  a t  
in t e r v a ls  o f  tw en ty  m in u tes e a c h . The r e a c t io n  m ix tu re  was 
s t i r r e d  c o n t in u o u s ly  and i t s  tem p eratu re  k ep t b etw een  13 and 1 5 ° 
by a c o o lin g  b a th . The r e a c t io n  i s  e x o th e r m ic .
As th e  z in c  c h lo r id e  was added th e  m ix tu re  became c lo u d y
and i t s  c o lo u r  g r a d u a lly  changed from y e llow -b row n  to  p a le  
r e d - v i o l e t .  The c lo u d in e s s  was presum ably due to  th e  p resen ce  
o f  u n d is s o lv e d  z in c  c h lo r id e .
A f t e r  th e  l a s t  p o r t io n  o f  z in c  c h lo r id e  had been  added, 
th e  r e a c t io n  m ix tu re  was s t i r r e d  fo r  an oth er two h o u rs , during  
which tim e th e  e v o lu t io n  o f  h e a t  sto p p ed  and th e  in t e r n a l  and 
e x te r n a l  tem p era tu res assum ed th e  same v a lu e ,  v i z .  1 4 °•  The 
r e a c t io n  was th en  sto p p ed  by  th e  slow  a d d it io n  o f  A ( 1 ,4 -d io x a n -  
w ater m ix tu re) from a drop p in g  fu n n e l w ith  v ig o r o u s  s t i r r i n g ,  
and w ith  th e  b a th  tem p eratu re  a t  0 ° .  The r a te  o f  a d d it io n  o f  
A was a d ju s te d  so  th a t  the tem p eratu re  o f  th e  r e a c t io n  m ixtu re  
d id  n ot e x ce ed  1 5 ° . As A was added, th e  c lo u d in e s s  o f  th e  
r e a c t io n  m ix tu re  d isa p p ea red  and th e  p a le  r e d - v i o l e t  c o lo u r  
s lo w ly  fa d e d , u n t i l  f i n a l l y  a s t i c k y  p a le  ye llow -b row n  r e s i n  
se p a r a te d , le a v in g  a c o lo u r le s s  l iq u i d  p h a se .
The r e s in  was e x tr a c te d  w ith  d i s t i l l e d  b enzene (170 m l . ) ,  
and th e  p a le  y e llo w  b en zen e s o lu t io n  th en  w ashed w ith  w ater  
(16 x 200 m l . ) .  In  s p i t e  o f  t h i s  thorough  w ashing th e  aqueous  
la y e r s  were fa in t?cy  a c i d i c .
The polym er in  th e  benzene s o lu t io n  was i s o l a t e d  by  
adding th e  s o lu t io n  d ro p -w ise  to  v i g o r o u s ly - s t i r r e d  d i s t i l l e d  
m ethanol (200 m l . ) ,  th e  p r e c ip i t a t e d  polym er was o b ta in e d  a s  a 
w h ite  pow der. T h is  was r e p r e c ip i t a t e d  tw ic e  more, u s in g
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d i s t i l l e d  benzene (250 m l.)  a s  s o lv e n t  and d i s t i l l e d  m ethanol 
(2 .5  1*) as p r e c ip i t a n t  each  t im e . D rying to  c o n s ta n t  w e ig h t  
under vacuum (0 .0 2  mm.) o v er  phosphorus p e n to x id e  and p a r a f f in  
wax sh a v in g s  gave th e  polym er as a f i n e l y  d iv id e d  w h ite  powder 
(2 1 .5  g . ) .  T h is  batb h  was d e s ig n a te d  C .P . -  1 .
The c h lo r in e  c o n te n t  (2 3 .5 2 $ )  co rresp o n d s c l o s e l y  t o  
th a t ( 2 3 *23$ ) r e q u ir e d  fo r  com p lete  m o n o -ch lo ro m eth y la tio n  o f  
the p h en yl groups o f  th e  p o ly s ty r e n e .
A l a t e r  b a tc h  o f  c h lo r o m e th y la te d  p o ly s ty r e n e ,  C .P . -  2 
(19 g . )> was o b ta in e d  from p o ly s ty r e n e  S -  2 (16 g . )  b y  th e  
same m ethod, ( c h lo r in e  c o n te n t s 2 3 * k k %)•
The I n t r i n s i c  V i s c o s i t i e s  o f  th e  C h lo ro m eth y la ted  P o ly s ty r e n e s
R e la t iv e  v i s c o s i t i e s ,  Dp*were m easured f o r  s o lu t io n s  o f
dry polym er in  sod iu m -d ry , d i s t i l l e d ,  AR to lu e n e  ( b .p .  109°)
a t  fo u r  a c c u r a te ly  known v a lu e s  o f  C (c o n c e n tr a t io n )  (ab ou t
—11 .2 ,  1 .0 ,  0 .8 ,  0 .6  g .  d l .  r e s p e c t i v e l y ) ,  w ith  an O stw ald  
U -tube c a p i l l a r y  v isc o m e te r  ( N o . l ,  B r i t i s h  S tan dards S p e c i f i ­
c a t io n  N o. 1 8 8 -3 7 ) .  The v isc o m e te r  was immersed i n  a therm o­
s t a t  b a th  a t  2 5 .0 0  -  0 . 0 2 ° and was h e ld  in  an a c c u r a t e ly  
a d ju ste d  su p p ort (Townson and M ercer X 2 3 k -  U n iv e r s a l)  so  th a t  
the c a p i l la r y  p o r t io n  o f  th e  v is c o m e te r  was t r u ly  v e r t i c a l ,  a s  
checked w ith  a p lu m b - lin e . F u rth erm ore, th e  s o lu t io n s  or
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s o lv e n t ,  a s  th e y  were added to  th e  v is c o m e te r , were f i l t e r e d  
through a f r e s h l y  "burned-off 100 mesh M on el-m eta l gauze cone*  
Flow  tim es fo r  s o lv e n t  and s o lu t io n ,  t Q and t  r e s ­
p e c t iv e ly ,  were m easured w ith  a s to p -w a tc h  w hich had proved  
c o n s is t e n t  and a c c u r a te  when check ed  a g a in s t  an a c cu ra te  
e l e c t r i c  c lo c k .  A t l e a s t  f i v e  r e a d in g s  were ta k en  f o r  each  
f lo w -t im e  and were c o n s is t e n t  to  w ith in  0*2 se c*  o f  each  o th e r .  
No v a r ia t io n s  o f  th e  f lo w  tim es  o f  th e  polym er s o lu t io n s  were 
ob served  o v er  a p e r io d  o f  fo u r  h o u r s .
E x tr a p o la t io n  o f  th e  s t r a ig h t  l i n e ,  o b ta in e d  b y  p l o t t i n g
2 .3 0 3  lQgxo r  a g a in s t  G, s e e  F ig .  3 > t o  C = 0 en a b led  th e  
G
valu e o f  th e  i n t r i n s i c  v i s c o s i t y ,  [h ]»  to  b e  rea d  from the
in te r c e p t  on th e  2 *303 ^ g ip ^ p  a x i s .
C
F or B a tc h  C .P . -  1 th e  i n t r i n s i c  v i s c o s i t y  [h ]  was fou n d  
to  be 0 .2 2 5  d l . g ~ \  The v i s c o s i t y - a v e r a g e  m o le c u la r  w e ig h t  
(My ) o f  th e  p a ren t p o ly s ty r e n e  was 4 3 ,0 0 0 .
The Q .u a tern isa tio n  o f  C h lo ro m eth y la ted  P o ly s ty r e n e  w ith  
T rie th v la m in e
F orm u lation
(C h lo ro m eth y la ted  p o ly s ty r e n e  C .P . -  1 2 0 .7 4  g« ~
A ( (0 .3 4  m onomoles)
( l ,  4 -P io x a n  80 m l.
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(T r ie th y la m in e  (0 .2 8  m oles) 2 8 .3 3  g*
B (1 ,4 -D io x a n  40 ml*
C M ethanol^  52 m l.
D  M ethanol 94 m l.
The m olar p r o p o r tio n  o f  c h lo r o m e th y la te d  p o ly s ty r e n e  
was c a lc u la t e d  fo r  com p lete  m o n o -ch lo ro m eth y la tio n  o f  the  
p o ly s ty r e n e .
The 1 ,4 -d io x a n  was p u r i f i e d  by b o i l in g  i t  under r e f lu x  
in  th e  p r e sen ce  o f  sodium  p e l l e t s  w ith  a s lo w  stream  o f  d r ie d  
n itr o g e n  p a s s in g  th rou gh  i t  u n t i l  th e  s u r fa c e s  o f  the p e l l e t s  
became s h in y  (8  h ou rs) [ 9 1 ] .  The l ,4 -< l io x a n , w h ich  now con­
ta in e d  a y e llo w  brown r e s in o u s  s o l i d  in  a d d it io n  t o  th e  sodium , 
was th en  f r a c t i o n a l l y  d i s t i l l e d  throu gh  a la g g e d  column (12  i n s .  
lo n g ) ,  packed  w ith  P en ske h e l i c e s  ( 3 - 4  m m .). Dry n i t r o g e n  was 
passed  s lo w ly  through  th e  b o i l i n g  l iq u id  and a ca lc iu m  c h lo r id e  
guard tube en su red  th a t  th e  d i s t i l l a t e  rem ained d r y . The 
f r a c t io n  b o i l i n g  b etw een  101 and 1 0 1 .5 °  was c o l l e c t e d  
(T|p5 I .I 4.2OO) .
The tr ie th y la m in e  was d r ie d  w ith  sodium  w ir e  and f r a c t i o n ­
a l l y  d i s t i l l e d  [ 9” colum n, P enske h e l i c e s  ( 3 - 4  m m .)], th e  
d i s t i l l a t e  b e in g  p r o te c te d  from  m o istu re  b y  a ca lc iu m  ch lo r id e_  
guard tu b e . The f r a c t i o n  b o i l i n g  a t  90° was c o l l e c t e d
t  25 1 .3 9 8 0 )  and s to r e d  over  sodium w ir e .
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The m ethanol was a ls o  d i s t i l l e d *  h .p .  65°«
Procedure
The r e a c t io n  was con d u cted  under dry n itr o g e n  in  a round  
bottom ed f l a s k  (500 m l.)  f i t t e d  w ith  a m ercury s e a le d  s t i r r e r  
and a c o n d e n ser .
S o lu t io n  A was p rep ared  in  th e  r e a c t io n  v e s s e l  and t o  i t  
was added s o lu t io n  B . M ethanol? C? was a ls o  added s lo w ly  w ith  
s t i r r i n g .  C h lo ro m eth y la ted  p o ly s ty r e n e  was p r e c ip i t a t e d  
l o c a l l y  a s  th e  m ethanol was added? h u t  i t  q u ic k ly  r e d is s o lv e d  
to  g iv e  a c l e a r ,  p a le  y e llo w  s o lu t io n .  The f l a s k  was f lu s h e d  
out w ith  dry  n itr o g e n  and kep t a t  6 0 ° fo r  i+8 hours in  a therm o­
s t a t i c a l l y  c o n t r o l le d  w ater  h a th . Throughout t h i s  p e r io d  th e  
r e a c t io n  m ix tu re  was s t i r r e d  g e n t ly  and th e  n i t r o g e n  atm osphere  
was m a in ta in ed  in  th e  f l a s k .
The io n ic  p o ly m er ic  q u a tern ary  ammonium c h lo r id e  groups  
produced hy th e  r e a c t io n  ren d ered  the polym er in s o lu b le  in  
l? i+ -d ioxan , and i t  was o b serv ed  th a t  th e  s o lu t io n  became c lo u d y  
w ith in  15 m in u tes o f  th e  s t a r t  o f  th e  r e a c t io n .  The a d d it io n  
o f  m ethanol? D, ca u sed  th e  r e a c t io n  m ix tu re  t o  become c le a r  
again? and p r e v en te d  th e  fo rm a tio n  o f  any fu r th e r  c lo u d in e s s .
A f t e r  th e  Lf.8 h ou rs had e la p s e d  th e  c le a r ?  p a le  y e llo w  
s o lu t io n  was c o o le d  and added to  d i s t i l l e d  d i e t h y l  e th e r  
( 2 .5  1 .) ?  w ith  manual s t i r r i n g .  The p o ly m eric  q u atern ary
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ammonium c h lo r id e  s e p a r a te d  a s a s o f t ,  w h ite  s t i c k y  m ass w hich  
was wrapped around th e  s t i r r e r .  The s t i r r e r  w ith  th e  polym er  
adh ering  to  i t  was th en  removed from th e  p r e c ip i t a n t , and th e  
e x c e s s  l iq u i d  was a llo w ed  to  d r a in  o f f .  The s o f t  polym er  
was cu t from  th e s t i r r e r  and d r ie d  over  ca lc iu m  c h lo r id e  and 
p a r a f f in  wax sh a v in g s  under red uced  p r e s su r e  (10  mm.) f o r  
24 h o u rs . By t h i s  tim e th e  polym er was b r i t t l e  enough to  be  
ground to  a pow der, w hich was th e n  fu r th e r  d r ie d  under r e ­
duced p r e ssu r e  ( 0 .0 4  mm*) fo r  tw o h o u rs .
The p rod u ct was th en  d is s o lv e d  in  d i s t i l l e d  w ater  
(300 m l.)  to  g iv e  a c le a r ,  s l i g h t l y  a lk a l in e  s o lu t io n ?  w hich  
was d r ie d  a t  50° in  a r o ta r y  f i lm  e v a p o r a to r . The tr a n s ­
p a r e n t, v e ry  s l i g h t l y  y e llo w , b r i t t l e  f i lm  o b ta in e d  was ground  
to  a w h ite  h y g r o sc o p ic  powder and d r ie d  o v e r  phosphorus  
p en to x id e  a t  0 .0 3  mm# u n t i l  c o n sta n t  w e ig h t was a t t a in e d  
(2 9 .9  g*)«  Aqueous s o lu t io n s  o f  th e  p o lym eric  q u atern ary  
ammonium c h lo r id e  were c le a r ,  c o lo u r le s s  and n e u t r a l .  T h is  
b atch  o f  p o ly m er ic  q u a tern ary  ammonium c h lo r id e  was d e s ig n a te d  
QA.C -  1 .
A l a t e r  b a tc h  QAC -  2 (24«*8 g . )  was p rep ared  from  
c h lo ro m e th y la ted  p o ly s ty r e n e  C .P . -  2 (16 g . )  in  a s im i la r  
manner•
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The D eterm in a tio n  o f  the C h lo r id e -Io n  C on ten ts o f  th e  P o lym eric  
Q uaternary Ammonium C h lo r id e s
The i n v e s t ig a t io n s  o f  M orley [6 5 ]  showed th a t  th e  b e s t  
procedure f o r  th e  c h lo r id e - io n  d e te r m in a tio n s  was by means o f  
th e  Mohr m ethod, u s in g  p o ta ssiu m  chrom ate a s in d ic a t o r  [ 9 2 ] .
The end p o in t  c o lo u r  d id  n o t  fa d e  and co u ld  be d e te c te d  w ith  
r ea so n a b le  e a s e .
B lank  t i t r a t i o n s  were a ls o  c a r r ie d  ou t w ith  A .R . ca lc iu m  
carb on ate  s u s p e n s io n s . The s i l v e r  n i t r a t e  s o lu t io n  u se d  f o r  
the t i t r a t i o n s  was s ta n d a r d is e d , by th e  same m ethod, w ith  A .R . 
sodium c h lo r id e  w hich had b een  d r ie d  a t  30 0° fo r  fo u r  h o u r s .
B a tch  QAC -  1 was e s t im a te d  to  c o n ta in  13»1% o f  c h lo r id e  
io n , t h i s  corresp on d s to  a 9 0 . 1$  c o n v e r s io n  o f  ch lo ro m eth y l  
groups in t o  q u atern ary  ammonium g r o u p s . The d a ta  and c a lc u la ­
t io n s  are g iv e n  in  A ppend ix  1 . B ecau se  th e  t i t r a t i o n  was 
perform ed a t  room tem p eratu re  i n  a n e u tr a l  medium th e r e  i s  v e r y  
l i t t l e  chance th a t  any o f  th e  r e s id u a l  ch lo ro m eth y l groups  
had been h y d r o ly s e d .
The v a lu e  o b ta in e d  fo r  th e  c h lo r id e  io n  c o n te n t  o f  
batchQAC -  2 was 13.3% (92.2%  c o n v e r s io n ) .
- 6 6 -
P re p a r a tio n  o f  n it r o g e n  s a tu r a te d , oxygen and carbon d io x id e  
f r e e  w ater
U n le ss  o th e r w ise  s t a t e d ,  t h e  w ater  u s e d  in  th e  p rep ara ­
t io n  o f  v o lu m e tr ic  s o lu t io n s  f o r  b o th  a n a l y t i c a l  and k i n e t i c  
work had b een  t r e a t e d  in  th e  fo l lo w in g  manner.
D i s t i l l e d  w ater  was d e io n is e d  b y  p a s s in g  i t  down a 
m ixed bed io n  exchange column [ c o n ta in in g  B io d e m in r o lit  
( P e r m u t it ) ] .  The e lu e n t  was th en  b o i le d  fo r  30 m in u tes in  a 
c o n ic a l  f l a s k  (5  1 «) and th e n , as th e  w ater began  to  c o o l ,  th e  
f l a s k  was s to p p e r e d  w ith  a rubber bung in t o  w h ich  a T -p ie c e  and 
a lo n g  g la s s  tub e had been  in s e r t e d ,  th e  l a t t e r  n e a r ly  r e a c h in g  
th e  bottom  o f  th e  f l a s k ,  w h ile  a t  th e  to p  th e r e  was co n n ec ted  
to  i t  th r e e  f e e t  o f  c le a n  p o ly v in y l  c h lo r id e  tu b e  w ith  a g la s s  
ta p  (c lo s e d )  on th e  end. N itr o g e n .w a s  then  p a sse d  through  
th e  T -p ie c e  so  th a t  o n ly  n it r o g e n  c o u ld  e n te r  th e  f la s k  and  
d is s o lv e  in  th e  w a te r .
The f lo w  o f  t h i s  ga s was in d ic a t e d  b y  a b u b b ler  c o n ta in ­
ing  d i s t i l l e d  w a ter , a t  th e  open end o f  th e  g a s - t r a in .  When
the w ater had c o o le d  to  room tem p eratu re  th e  gas f lo w  was
stop p ed  and th e  b u b b le r  was s e a le d  o f f ,  th u s i s o l a t i n g  th e  system
from th e  a tm osp h ere . To draw o f f  w a ter , th e  n i t r o g e n  f lo w  
was re-com m enced and a syphon was e s t a b l i s h e d  in  th e  tu b e , th e  
f lo w  o f  w ater  b e in g  c o n t r o l le d  by  th e  g la s s  t a p .
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The
in to  th e
The c h lo r id e ,  (h a tc h  QAC -  l ) , was c o n v e r te d  in to  i t s  
c o rresp o n d in g  h yd rox id e  in  s o lu t io n  "by means o f  an a r io n -  
exchange r e s i n .
The a n io n -ex ch a n g e  r e s i n ,  A m h er lite  IRA.-2+01* was a 
s t r o n g ly  "basic, l i g h t l y  c r o s s - l in k e d  polym er, "based on p o ly ­
s ty r e n e , w ith  a c a p a c it y  o f  th r e e  m i l l i e q u iv a le n t s  p er  g .  o f  
w et r e s i n .  The sm a ll p a le  yelloYir heads o f  r e s i n  (275  g» w et 
w e ig h t , 0*825 g .e q u iv a le n t s )  were lo a d ed  in t o  a w a t e r - f i l l e d  
lo n g  g la s s  tu h e  (5 0  cm. x 3<>5 cm .) w ith  an o u t l e t  tuh e (d ia m eter
0 .5  cm .) a t  i t s  lo w er  end. A le n g th  o f  c le a n  p o ly v in y lc h lo r id e  
tu h e , a t ta c h e d  to  th e  o u t l e t ,  was tak en  up a lo n g s id e  th e  
column and c o n n ec ted  to  an in v e r te d  U -tu h e , so p o s i t io n e d  th a t  
th e  open end was l e v e l  w ith  th e  l iq u id  in  th e  column* T h is  
en su red  t h a t  th e  column would n o t  run d r y . In  th e  to p  o f  th e  
column was in s e r t e d  a la r g e  ruhh er hung h e a r in g  a tap  fu n n e l  
( 1 1 . ) ,  and on t h i s  was a t ta c h e d  a so d a - lim e  guard tuh e to  
e x c lu d e  carhon d io x id e .
io n  o f  io n
The r e s in ,  as s u p p lie d , was in  i t s  c h lo r id e  form . I t
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was Hc o n d it io n e d 1' b y  th e  p a ssa g e  o f  aqueous sodium h yd rox id e  
(600 m l. 2N ), d i s t i l l e d  w ater  ( l  1 . )  and h y d r o c h lo r ic  a c id  
(600 m l. 2N) r e s p e c t i v e l y .  Then, a f t e r  th e  column had "been 
washed w ith  d i s t i l l e d  w ater  ( 2 1 . ) ,  th e  r e s in  was c o n v e r ted  
to  th e  h y d ro x id e  form w ith  aqueous sodium h yd rox id e  (9 1 , 2N 
fo l lo w e d  "by 10 1 . I N ) . The e lu e n t  was t e s t e d  f o r  th e  p resen ce  
o f  c h lo r id e  io n s  w ith  n i t r i c  a c id  and s i l v e r  n i t r a t e  s o lu t io n .  
The f i n a l  t e s t s  show ing o n ly  a v e ry  f a i n t  t u r b id it y  w hich d id  
n ot d im in ish  on fu r th e r  aqueous sodium  h y d ro x id e  (2  1 .  IN) 
b e in g  p a sse d  th rou gh  th e  colum n.
The r e s in  was th en  washed w ith  d i s t i l l e d  w ater  (8  1 . )  
u n t i l  a l iq u o t s  (100 m l.)  o f  th e  e lu e n t  no lo n g e r  gave a p in k  
c o lo u r  on th e  a d d it io n  o f  p h e n o lp h th a le in  in d ic a t o r  s o lu t io n *
Procedure
P o lym eric  q u a tern ary  ammonium c h lo r id e ,  b a tc h  QAC -  1 
( 2 1 .2  g .  0.081+ g . e q u iv a le n t s )  was d i s s o lv e d  in  w ater  ( 11+0 m l.)  
and the s o l u t i o n  was p a ssed  down th e  colum n, fo l lo w e d  by  
more w a te r . When th e  e lu e n t  became a lk a l in e  i t  was c o l l e c t e d  
in  a c le a n  p o ly th e n e  b o t t l e  ( l  1 . )  w h ich  had p r e v io u s ly  b een  
f lu s h e d  ou t w ith  n it r o g e n  and f i t t e d  w ith  a so d a - lim e  guard  
tube to  e x c lu d e  carbon d io x id e .
The p r o g r e ss  o f  th e  p o l y e l e c t r o l y t e  f r o n t  down th e  column 
cou ld  be o b ser v ed , owing t o  i t s  darker c o lo u r . The s o lu t io n
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c o l l e c t e d  (1  1 . )  was a c l e a r ,  p a le  y e l lo w , s l i g h t l y  v is c o u s  
l i q u i d .  T h is p o lym eric  q u atern ary  ammonium h y d ro x id e  in  
aqueous a o lu t io n  was d e s ig n a te d  QAH -  1 .
The A n a ly s is  o f  th e  P o lym eric  Ammonium H ydroxide S o lu t io n s
The h y d r o x y l- io n  c o n c e n tr a t io n s  o f  th e  s o lu t io n s  were 
o b ta in e d  b y  t i t r a t i o n s  a g a in s t  p o ta ssiu m  hyd rogen  p h th a la te  
s o lu t io n s  w ith  p h e n o lp h th a le in  as in d ic a t o r .  E very  e f f o r t  was 
made to  e x c lu d e  a tm osp h eric  carbon d io x id e  from th e  s o l u t i o n s  
by u s in g  s o d a - lim e  guard tu b e s  and n itr o g e n  atm osp heres where 
a p p l ic a b le .
A lso  th e  a l k a l i  in  a s o lu t io n  o f  th e  p o ly m eric  h yd rox id e  
was d eterm in ed  p o t e n t io m e t r ic a l ly .  The p o ly m eric  h yd rox id e  
s o lu t io n  was t i t r a t e d  in t o  a s o lu t io n  o f  h y d r o c h lo r ic  a c id  
(5  ml* O.OI4.87N ), a s lo w  stream  o f  n i t r o g e n  was p a sse d  o v er  th e  
su r fa c e  o f  th e  s o lu t io n  du rin g  th e  t i t r a t i o n .  The pH o f  th e  
s o lu t io n  was found by u s in g  an E .I .L .  pH m eter w ith  a g la s s  
r e fe r e n c e  e le c t r o d e .
C h lo r id e - io n  c o n c e n tr a t io n s
A ttem p ted  c h lo r id e - io n  d e te r m in a t io n s , b o th  g r a v im e tr i-  
c a l l y  and by  th e  Mohr method ( s e e  p . 6 5 ) showed no d e t e c t a b le  
c o n c e n tr a t io n  o f  c h lo r id e  io n .
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The I n v e s t ig a t io n  o f  th e  R e a c tio n  K in e t ic s  o f  th e  C annizzaro
The k i n e t i c s  o f  t h i s  r e a c t io n  v/ere in v e s t ig a t e d  from  
th r e e  main a sp e c ts?  v iz :
(1 ) Com parison betw een  th e  r a te  c o n s ta n ts  o b ta in ed  w ith  
th e  p o lym eric  q u a tern ary  ammonium h y d ro x id e  and low  m o lec u la r  
w eigh t h yd rox id e  (sodium  h yd rox id e  and b en zy ltr ieth y lam m on iu m  
h y d ro x id e) in  aqueous s o lu t io n  a t 2 5 *0 ° .
(2 ) Com parison o f  th e  e f f e c t s  o f  added n e u tr a l  s a l t s  
on th e  r a te  c o n s ta n ts  o b ta in e d  w ith  p o lym eric  qu aternary  
ammonium h yd rox id e  and sodium  h y d ro x id e  in  aqueous s o lu t io n  
a t  2 5 o 0 ° .
(3 ) Com parison b etw een  th e  e f f e c t s  o f  changin g  the  
tem p erature on th e  r a te  c o n s ta n ts  w ith  th e  p o ly m eric  q u a tern ary  
ammonium h yd rox id e  and sodium  h yd rox id e  i n  aqueous s o lu t io n ?
i . e .  th e  a c t i v a t i o n  param eters f o r  th e  two c a t a ly s e s  were 
com pared.
R eagen ts and s o lv e n t s
The p o ly m eric  q u a tern a ry  ammonium hyd rox id e?  batchQA.H -  1 :. 
was u sed  fo r  th e  main seq u en ce  o f  ru n s .
The b en zy ltrieth y lam m on iu m  c h lo r id e  was prep ared  b y - th e  
method o f  Ladenburg and S tr u v e  [ 93] b e n z y l c h lo r id e  was 
q u a te r n ise d  u s in g  t r ie t h y la m in e .  The b en zy ltr ieth y lam m on iu m
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c h lo r id e  was c o n v e r ted  in t o  an aqueous s o lu t io n  o f  b e n z y l t r i -  
ethylammonium h yd rox id e  b y  means o f  a column o f  A m b er lite  
IRA-401 r e s in ?  fo l lo w in g  th e  same procedure as th a t  u sed  f o r  
th e  p r e p a r a tio n  o f th e  p o ly m eric  h yd rox id e ( s e e  p . 6 7 )*
AnalaR sodium  h yd rox id e  p e l l e t s  (25*0 g . )  w ere d i s s o lv e d  
in  w ater  (25  m l.)  in  a pyrex b o i l i n g  tube? th e  b o i l i n g  tube  
was f i t t e d  w ith  a s to p p e r  and th e  s o lu t io n  l e f t  u n t i l  th e  
su p ern atan t l iq u i d  was c le a r .  An a l iq u o t  (3*25  m l.)  was w ith ­
drawn from th e  l iq u i d  u s in g  a ’ p u m p ette1 and a grad u ated  
p i p e t t e .  T h is a l iq u o t  was q u ic k ly  d i lu t e d  to  one l i t r e  w ith  
w a te r . The a p p ro x im a te ly  0.05N  a l k a l i  th u s p rep ared  was s to r e d  
under n it r o g e n  in  a p o ly th en e  b o t t l e .
S ta n d a r d is a t io n  o f  sodium h y d ro x id e  s o lu t io n s
( l )  W ith AnalaR p o ta ssiu m  hydrogen p h th a la te  
The p o ta ssiu m  hydrogen  p h th a la te  was d r ie d  in  an oven a t  120°
fo r  two h ou rs and a llo w e d  to  c o o l  in  a d e s ic c a t o r  over  ca lc iu m
c h lo r id e .  P o r t io n s  were a c c u r a te ly  w eigh ed  (ap p rox . 0 .2 5  g*
fo r  0.05N  a l k a l i  s o lu t io n )  and each  d is s o lv e d  in  w ater (50  m l . ) .
The c a u s t i c  soda s o lu t io n  was t i t r a t e d  a g a in s t  t h i s  s o lu t io n ?
u s in g  a so d a -lim e  guard tub e on th e  b u r e t t e .  A p h e n o lp h th a le in
s o lu t io n  was u sed  a s  an in d ic a t o r .
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As a check  on th e  r e s u l t s  ob ta in ed *  on one s o lu t io n  m f  
sodium h yd rox id e  th e  fo l lo w in g  s ta n d a r d is a t io n s  were a l s o  
c a r r ie d  out s
(a ) W ith AnalaR p o ta ss iu m  hydrogen p h th a la te  th a t  had 
been  d r ie d  in  a vacuum d e s ic c a t o r  fo r  24  hours*
(b) W ith AnalaR p o tassiu m  hydrogen p h th a la te  t h a t  had 
been  d r ie d  a t  1 4 0 ° f o r  two hours*
( c )  W ith AnalaR b e n z o ic  a c id  th a t  had b een  d r ie d  in  a 
d e s ic c a to r  f o r  48  hours*
A p p rox im ate ly  0 .1  g c was a c c u r a te ly  weighed* d is s o lv e d  
in  w a ter  (50  m l*) and t i t r a t e d  a g a in s t  th e  sodium  h yd rox id e  
s o lu t io n  ( - ^ 0 .0 3  N ) • The e q u iv a le n t  w e ig h t o f  the b e n z o ic  
a c id  was foun d; The m e lt in g  p o in t  o f  th e  b e n z o ic  a c id  was u sed  
as a c r i t e r io n  o f  i t s  p u r ity *
M*P* o f  b e n z o ic  a c id  . *. * .*  121*0°
E.W. found  fo r  b e n z o ic  a c id  ••*  121*9
L ite r a tu r e  v a lu e s
I* P . b e n z o ic  a c id  [9 5 ] • • •  122*3°
E.W. b e n z o ic  a c id  . . .  1 2 2 .1
A l l  o f  th e  above check s gave r e s u l t s  in  good agreem ent w ith  
the i n i t i a l  r e s u l t s .
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P re p a r a tio n  o f  h y d r o c h lo r ic  a c id  s o lu t io n  (a p p ro x . O.Q30
AnalaR c o n c e n tr a te d  h y d r o c h lo r ic  a c id  (9  m l.)  was m easured  
out u s in g  a graduated  p ip e t t e  and a "pum pette"; t h i s  a c id  was 
then  d i lu t e d  w ith  w ater to  one l i t r e  in  a grad u ated  f l a s k .
S ta n d a r d is a t io n  o f  h y d r o c h lo r ic  a c id  s o lu t io n
A liq u o t s  (20  m l. each) w ere t i t r a t e d  a g a in s t  a p r e v io u s ly  
sta n d a r d ise d  sodium  h y d ro x id e  s o lu t io n *  u s in g  p h e n o lp h th a le in  
s o lu t io n  as in d ic a t o r .
The AR sodium  c h lo r id e  was d r ie d  a t  300° f o r  fo u r  hours 
and th e n  s to r e d  in  a b o t t l e  over  phosphorus p e n to x id e .
P r e p a r a tio n  o f  I n d ic a to r  s o lu t io n s  [ 96’J
P h e n o lp h th a le in  ( 2 .0  g») was d is s o lv e d  in  e th a n o l (20 m l.)  
and w ater  (20  m l.)  was added w ith  s t i r r i n g .  Two drops o f  
t h i s  s o lu t io n  were u sed  as an in d ic a t o r .
P henol R ed. P h e n o lsu lp h o n e p h th a le in  (0 .2 5  g*) was t r i t u r a t e d  in  
a c le a n  m ortar w ith  sodium h y d ro x id e  s o lu t io n  (7*1 n il. o f  0 . 1N) 
and th en  d i lu t e d  w ith  w ater  to  250 m l. in  a grad u ated  f l a s k .  
M ethyl R ed. The f r e e  a c id  (o -c a r b o x y b e n z e n e -a z o -d im e th y la n il in e )  
( 0 .2 5  g o )  was d is s o lv e d  in  a b s o lu te  a lc o h o l  (150 m l.)  and th en  
d i lu te d  w ith  w ater (100 m l . ) .
Starch .. A p a s te  was made u s in g  s o lu b le  s ta r c h  ( l  g . )  and a 
l i t t l e  w a ter; th e  p a s te  was th en  poured w ith  co n sta n t s t i r r i n g
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in to  b o i l i n g  w ater  (100 m l.)*  and th en  b o i le d  f o r  one m inute*  
when th e  s o lu t io n  c o o le d  down, AnalaR p o tassiu m  io d id e  ( 2 .0  g . )  
was added . The s o lu t io n  was u sed  as an in d ic a t o r  (2  m l. 
a l i q u o t s ) • S ta r c h  in d ic a to r  s o lu t io n s  were n o t u sed  i f  th e y  
had b een  p r e p a r e d ,fo r  more than  f i v e  d a y s .
P re p a r a tio n  o f  a s o lu t io n  o f  io d in e  (  ^  O .llQ  in  p o tassiu m  
io d id e  f 9 6 ]
AnalaR p o tassiu m  io d id e  (20  g . )  was h e a ted  a t  120* fo r  
one h o u r . I t  was th en  d is s o lv e d  in  w a ter  (5  m l.)  in  a la r g e  
w eigh in g  b o t t l e  w hich was w eigh ed  a t  room tem p erature ( to  th e  
n e a r e s t  0 .1  m g .) .
AnalaR io d in e  was d r ie d  in  a d e s ic c a to r  o v er  anhydrous 
calciu m  c h lo r id e  fo r  tw e n ty -fo u r  h o u r s . Some o f  t h i s  io d in e  
(ap p rox . 6 . 4  g . )  was added to  th e  w eigh in g  b o t t l e  c o n ta in in g  
th e  p o ta ss iu m  io d id e  s o lu t io n .  7/hen th e  s o lu t io n  had reach ed  
room tem p eratu re  th e  b o t t l e  was w eighed  a g a in . Im m ediately  
a f t e r  w e ig h in g  the s o lu t io n  was q u a n t i t a t iv e ly  t r a n s fe r r e d  to  
a g la s s  stop p ered *  grad u ated  f l a s k  (500 m l.)  and made up to  
500 m l. w ith  w a te r . The s o lu t io n  was s to r e d  in  a g la s s  s to p p e r ­
ed , dark g la s s  b o t t l e .
S ta n d a r d is a t io n  o f  io d in e  s o lu t io n  w ith  a r se n io u s  o x id e
AnalaR a r se n io u s  o x id e  was d r ie d  a t  100° f o r  one hour*
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and a llo w e d  to  c o o l  in  a d e s ic c a t o r ,  A p o r t io n  (ap p rox . 2 .5  g o .5 
was a c c u r a t e ly  weighed? t r a n s fe r r e d  to  a b ea k er  ( l ± 0 0  m l.)  and 
d is s o lv e d  in  a c o n c e n tr a te d  s o lu t io n  o f  AnalaR sodium  h yd rox id e  
( 2 .0  g .  in  20 m l. w ater)?  th e  s o lu t io n  was d i lu t e d  to  200 m l. 
and th e  s o l u t i o n  n e u t r a l is e d  w ith  h y d r o c h lo r ic  a c id  (IN) u s in g  
one drop o f  p h e n o lp h th a le in  as in d ic a t o r .  The s o lu t io n  was 
q u a n t i t a t iv e ly  t r a n s f e r r e d  to  a grad u ated  f l a s k  (500 m l.)?
AnalaR sodium  b ic a r b o n a te  ( 2 .0  g . ) was added? and when t h i s  
had d is s o lv e d  th e  s o lu t io n  was made up to  500 ml., w ith  w a te r .
The sam ple tak en  (2 .5 5 7 3  g*) o f  a r se n io u s  o x id e  gave  
a O .1032+N s o lu t io n .
^ S2^3 + ^ 2  + A&20p) + IjN® + i{.I^
To each  a l iq u o t  o f  a r se n io u s  o x id e  s o lu t io n  (25  m l.)  was added
(a ) w ater  (2 5  m l.)?
(b ) AnalaR sodium b ic a r b o n a te  (5  g » )°
When th e  sodium  b ic a r b o n a te  had d is so lv e d ?  th e  s o lu t io n  was 
t i t r a t e d  a g a in s t  th e  io d in e  so lu t io n ?  s ta r c h  s o lu t io n  (2  m l.)  
was added a s  in d ic a t o r .  The d e te r m in a tio n  was done in  t r i ­
p l i c a t e .
The n o r m a lity  o f  an io d in e  s o lu t io n ?  b a sed  on th e  w e ig h t  
o f  io d in e  d i s s o lv e d  i n  p o ta ss iu m  io d id e  s o lu t io n  was 0 .09032N . 
The n o r m a lity  o f  th e  same io d in e  s o lu t io n  from th e  a r se n io u s  
o x id e  d e te r m in a tio n s  was 0 .09031N .
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P re p a r a tio n  o f  a b u f fe r  s o lu t io n  (pH = 7 .3 )
A nalaP p o tassiu m  d ih yd rogen  ph osphate and A nalaP d i ­
sodium hydrogen p h osp h ate  were h e a te d  a t  120° f o r  two hou rs  
and a llo w e d  to  c o o l  in  a d e s ic c a t o r  c o n ta in in g  anhydrous ca lc iu m  
c h lo r id e .
P o tassiu m  d ih yd rogen  phosp hate ( 8 .5 056  g . )  and d isod iu m  
> - ■ 
hydrogen p h osp hate ( 3 5 »U925 g«) were d i s s o lv e d  in  w ater  and th e
s o lu t io n  made up to  500 m l. in  a gra d u a ted  f l a s k .
The b u f f e r  s o lu t io n  was s to r e d  in  a dark g l a s s ,  g la s s
s to p p e re d  b o t t l e .
De te r m in a tio n  o f  g ly o x a l  in  a sam ple o f  g ly o x a l  m onohydrate  
(B .D .H . "a p p ro x im a te ly  (CHO) 2H2 °" ) - Tiie monohydrate
was a w h ite  powder and was s to r e d  in  a t i g h t l y  capped b o t t l e .
The m ethods u sed  f o r  th e  d e te r m in a tio n s  are th o s e  o f  
Salomaa [ 9 7 ]
( l )  A lk a l im e t r ic a l ly
A sam ple o f  g ly o x a l  m onohydrate was w eigh ed  (from  0 .0 2  
to  0 .0 4  g .)>  d is s o lv e d  in  w a te r  (10  m l.)  and sodium  h yd rox id e  
(1 8 .1 0  ml* o f  0 . 0553^ )  was added to  th e  c o n ic a l  f l a s k ,  under  
n itr o g e n ;  the f l a s k  was s e a le d  w ith  a so d a -lim e  guard tub e  
and l e f t  f o r  te n  m in u te s . H y d ro ch lo r ic  a c id  (25  m l. o f  0.050103$ 
was added q u ic k ly  and th e  e x c e s s  a c id  was t i t r a t e d  a g a in s t  
sodium h y d ro x id e  ( 0 . 0553UN) w ith  p h en o l red  as in d ic a t o r .
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One e q u iv a le n t  o f  sodium h yd rox id e  in  t h i s  t i t r a t i o n  r e a c t s  
w ith  one m ole o f  g ly o x a l:
NaOH + (CH0) 2 = Na00C.CH20H
The r e s u l t s  a r e  g iv e n  in  T ahle 2 (page 7 9 ) °
(2 ) I o d o m e tr ic a l ly  ( B is u lp h i t e  method)
Two s o lu t io n s  o f  g ly o x a l  were p rep ared  hy  d i s s o lv in g
g ly o x a l  m onohydrate ( 0 9 6 l ± 2 k  g . )  in  w ater and d i l u t i n g  to  100 ml*
in  gra d u a ted  f la s k s *  A l iq u o t s  (10 m l.)  w ere added to  a
m ixture o f  p h osp h ate  b u f f e r  (10  m l. pH = 7*3) and sodium  b i ­
s u lp h it e  s o lu t io n  (20  m l. o f  0 .1M )• Sodium m e ta b is u lp h ite  
(B .D .H . L ab oratory  r e a g e n t  4*75  g* in  500 m l. o f  s o lu t io n )  was 
u sed  as a so u rce  o f  sodium b i s u l p h i t e .
Na2S2 °5  + H2° = 2NaHS03
The r e a c t io n  s o lu t io n  was a llo w e d  to  stan d  fo r  f i v e  
m inutes* th en  h y d r o c h lo r ic  a c id  (5  ml* o f  IN) was added and th e  
e x c e s s  b i s u l p h i t e  was t i t r a t e d  a g a in s t  th e  stan d ard  io d in e  
s o lu t io n ,  u s in g  s ta r c h  s o lu t io n  (2*0  m l.)  a s i n d ic a t o r .  The 
t i t r a t i o n  was c a r r ie d  o u t r a p id ly  to  m in im ise  th e  d eco m p o sitio n  
o f  th e  b i s u l p h i t e  compound n ea r  th e  end p o in t .  The g ly o x a l  
p r e se n t  was c a lc u la t e d  from th e d i f f e r e n c e  betw een  th e  io d in e  
consum ptions c o rresp o n d in g  to  th e  amount o f  b i s u lp h i t e  
o r i g i n a l l y  added and to  th a t  p r e se n t  a f t e r  th e  a d d it io n  r e a c t io n ,,
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A c o r r e c t io n  o f —  %  was added to  th e  r e s u l t *
(C i s  th e  m olar c o n c e n tr a t io n  o f  th e  e x c e s s  b i s u l p h i t e  in  th e  
s o l u t i o n ) .  T h is  sm a ll c o r r e c t io n  i s  n e c e s s a r y  fo r  a c c u r a te  
r e s u l t s  b eca u se  th e r e  i s  s t i l l  a sm a ll q u a n tity  o f  u n r e a c te d  
m o n o b isu lp h ite  compound i n  th e  e q u ilib r iu m  s o l u t i o n .  The 
r e s u l t s  are  g iv e n  in  T able 2 (p . 7 9 ) %
Two s o lu t io n s  (A and B) o f  g ly o x a l  monohydrate (0 .5 6 2 1  g .  
made up to  100 m l. in  grad u ated  f l a s k s )  were p rep a red .
The a lk a l im e t r ic  d e te r m in a t io n  was r e p e a te d  in  t r i p l i c a t e  
(tw o sam p les from  A , one from B) u s in g  a l iq u o t s  (10 m l. each ) o f  
t h i s  s o lu t io n  in s t e a d  o f  w e ig h in g  th e  g ly o x a l  m onohydrate  
d i r e c t l y .  A ls o  th e  io d o m e tr ic  ( b i s u lp h it e )  method was r e p e a te d  
in  d u p l ic a te  (one sample from A and one from B ) > u s in g  th e  
s o lu t io n  a s  p rep ared  above (0 .5 6 2 1  g* g ly o x a l  m onohydrate in  
100 m l. s o l u t i o n ) .  The p roced u re  was t h e  same a s  in  th e  - 
p r e v io u s  d e te r m in a t io n s ? but s l i g h t l y  d i f f e r e n t  volum es o f  
r e a g e n ts  were used? v i z . :  g ly o x a l  s o lu t io n  (10 m l. a l iq u o t s ) ?
ph osphate b u f f e r  s o lu t io n  (10  m l. pH 7»3) and sodium  b i s u lp h i t e  
s o lu t io n  (10 m l. o f  0 . 1M ).
The r e s u l t s  o f  th e  above d e te r m in a tio n s  and l a t e r  on es  
c a r r ie d  o u t a t v a r io u s  t im e s  th rough out th e  main programme o f  
runs are c o n ta in e d  in  T a b le  2 .
TABLE 2
G ly o x a l M onohydrate 
(CHO.CHO.H2O) c o n ta in s  7 6 . 11$  g ly o x a l .
A lk a l im e tr ie  d e te r m in a tio n s  | Io d o m etr ic  d e te r m in a tio n s
Sample Ho. %  g ly o x a l  ! Sample Ho. % g ly o x a l
A1 1 2 . 2 2  | B2 7 0 .1 1
B1 7 2 . u o  \ °2 7 0 .0 7
D1 7 1 .0 2  i A3 7 0 .1 5
E1 7 2 . 8 k  1 B3 7 0 .0 5
\
7 1 .5 6  ! A5 7 0 .2 9
\
7 1 .6 8  5 B5 7 0 .1 2
G k
7 1 .5 0  I A9 7 0 .6 0
a 6 7 2 .2 6  j> B9 7 0 .5 6
b6 7 2 .3 1  !
A7 7 2 .6 9  I1
. B7 7 2 .7 5  !
A8 7 2 .1 8
b 8 7 2 .5 0
Mean o f  a lk a l im e t r ic  d e te r m in a t io n s  : 72.19%  
Mean o f io d o m e tr ic  d e te r m in a tio n s  : 70.88%
The b is -2 ,l |-d in itr o p h e n y lh y d r a z o n e  ( 2 , i i - D .N .P .) was p re­
pared "by th e  method o f  G la ss to n e  and H ic k lin g  [ 9 8 ] .  G ly o x a l  
m onohydrate was d i s s o lv e d  in  w ater and B rady1s r e a g e n t was added  
dropw ise u n t i l  no fu r th e r  p r e c ip i t a t io n  o ccu rred . The orange  
p r e c ip i t a t e  was f i l t e r e d  o f f  and h a l f  o f  i t  was r e c r y s t a l l i s e d  
from n itr o b e n z e n e  to  c o n s ta n t  m e lt in g  p o in t  (m .p . * crude* =
325 °9 m .p . * r e c r y s t a l l i s e d * = 328% L ite r a tu r e  m .p . [9 8 ]  = 3 3 0 ° .)
The t h in  la y e r s  o f  n e u tr a l  alum ina w ith o u t "binder (Woelm) 
on g la s s  p la t e s  were a i r  d r ie d  and a c t iv a t e d  f u r t h e r  "by d ry in g  
a t 100° fo r  one h o u r .
The crude and r e c r y s t a l l i s e d  2 ,i+ -D .N .P .* s o f  g ly o x a l  and 
th e  2 ,lj.-D .N .P . o f  a c e ta ld e h y d e  were chrom atographed w ith  n i t r o -  
b e n z e n e -c y c lo h ex a n e  (1 :2 )  a s  e lu e n t ,  and in  a secon d  exp erim en t, 
w ith  n itr o b e n z e n e -c a r b o n  t e t r a c h lo r id e  (1 :2 )  as e lu e n t .  In  b o th  
chrom atographs sh a rp , s i n g le  s p o ts  w ere o b ta in e d  w ith  i d e n t i c a l  
r e t e n t io n s  f o r  th e  crude and r e c r y s t a l l i s e d  2 ,1 |-D .N .P . o f  
g ly o x a l |  and th e  r e l a t i v e  r e t e n t io n  o f  th e  2 , i 4--D .N .P . o f  a c e t ­
aldehyde in  each  e lu e n t  corresp on d ed  c l o s e l y  to  th e  p u b lish e d  
Pg v a lu e s  f o r  th e  two compounds.
Bg v a lu e s  f o r  2 ,l |-L .N .P . G ly o x a l  
Pg v a lu e s  f o r  2 , 14.-D .N .P .A ce ta ld eh y d e
(a ) w ith  n i t  rob e n z e n e -c y c lo h e x a n e  (1 :2 )
(b) w ith  n itr o b e n z e n e -c a r b o n  t e t r a c h l o f i d e  (1 :2 )
The P.MoP. sp e c t ru m  o b t a i n e d  u s i n g  t h e  P e r k i n  E lm er (RIO) 
6 0 m /c  i n s t r u m e n t  i s  g iv e n  on p . 82*
The a b s e n c e  o f  any  p e ak s  i n  th e  r e g i o n  - 1  t o  1 T i s  a 
good i n d i c a t i o n  t h a t  v e r y  l i t t l e *  i f  a n y ,  o f  t h e  g l y o x a l  
p r e s e n t  h a s  any  a ld e h y d ic  p r o t o n s  [ 1 0 0 ] .
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The method o f  p r e p a r a tio n  i s  th a t  o f  J u d efin d  and 
R eid  [ 1 0 1 ] -
A m ix tu re  o f  p-brom ophenacyl brom ide (4*0 g . )  (B .D .H . 
L a b o ra to ry  r ea g e n t)  and e th a n o l (35  m l.)  was added to  a s o lu t io n  
o f  sodium  g l y e o l l a t e  ( 1 .2 0  g . )  (B .D .H . L ab oratory  r e a g e n t)  in  
w ater  (2 0  m l . ) .
On h e a t in g s  th e  s o lu t io n  was n o t com p lete  and e th a n o l  
(3  m l.)  was added u n t i l  th e  p-brom ophenacyl brom ide had d i s s o l v ­
e d . The r e a c t io n  s o lu t io n  was r e f lu x e d  fo r  one h o u r . On 
c o o lin g  w h ite  c r y s t a l s  were form ed (m .p . 131°» y i e l d  3*63 g*)*  
The p rod u ct was r e c r y s t a l l i s e d  from 50% aqueous e th a n o l  
(112 m l . ) .  W hite c r y s t a l s  were o b ta in e d  (m .p . 1 3 8 -1 3 9 °s y i e l d  
3*15 g*)«> A secon d  r e c r y s t a l l i s a t i o n  from 50% aqueous e th a n o l  
(96 m l.)  y ie ld e d  2 .9 5  g . o f  p rod u ct (m .p . 1 3 8 -1 3 9 °)  •
P re p a r a tio n  o f  a sam ple o f  th e  r e a c t io n  p ro d u cts  o f  th e  
C annizzaro r e a c t io n  o f  g ly o x a l  w ith  sodium  h yd rox id e
G ly o x a l m onohydrate (1 0 .0  g . )  was d i s s o lv e d  in  w ater  
(60  m l . ) ;  a s o l u t i o n  o f  A .R . sodium  h yd rox id e  (5*0  g . )  in  
w ater  (100 m l.)  was added to  t h i s  w ith  s t i r r i n g  and th e  s o lu t io n  
was l e f t  f o r  30 m in u tes a t  2 5 ° . The s o l i d  r e a c t io n  p rod u ct  
was o b ta in e d  b y  r o ta r y  e v a p o r a tio n  o f  th e  r e a c te d  s o l u t i o n .
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The r e a c t io n  p rodu ct was d r ie d  over  phosphorus p e n to x id e  a t  
red uced  p r e ssu r e  ( 0 .0 3  mm.) f o r  th r e e  h o u r s . A p a le  y e llo w  
powder (13*0  g . )  was o b ta in e d .
The r e a c t io n  p rod u ct ( 1 . 2 0  g . )  was d i s s o lv e d  i n  w ater  
( 2 0  m l.)  and h y d r o c h lo r ic  a c id  (3  drops 3JSF.) was added u n t i l  
th e  s o lu t io n  was n e u tr a l  t o  l i t m u s .  The proced u re fo r  th e  
p r e p a r a tio n  o f  th e  e s t e r  was th en  r e p e a te d  e x a c t ly  as f o r  th e  
p r e p a r a tio n  o f  th e  g l y c o l l i c  a c id  e s t e r ;  w ith  th e  e x c e p t io n  
th a t  d e c o lo u r iz in g  c h a r c o a l was added to  th e  f i r s t  r e c r y s t a l l i -
Y ie ld  ( g . )
3 .7 0  
3*30  
3.00
D u p lic a te  m e lt in g  p o in t s  o f  th e  " a u th e n t ic ” and ,fex  
C annizzaro" e s t e r s  and a ls o  d u p lic a te  m ixed m e lt in g  p o in ts  
were c a r r ie d  o u t on th e  same o c c a s io n  and w ith  th e  same 
s ta n d a r d ise d  therm om eter. The r e s u l t s  o b ta in ed  are  g iv e n  
in  T able 3 .
s a t io n .
R e s u lt s
M .P .( °)
Crude e s t e r  1 3 2 -1 3 4
1 s t  r e c r y s t a l l i s a t i o n  1 3 8 -1 3 9
2nd r e c r y s t a l l i s a t i o n  1 3 8 -1 3 9
- 8 5 -
M .P. " A u th e n t i c "  M ixed M.P. M .P .ffex  C a n n iz z a ro "  
1 3 8 - 1 3 9 °  1 3 8 - 1 3 9 °  1 3 8 - 1 3 9 *
138 -  139° 138 -  1 3 9 ° 138 -  139°
P r e l i m i n a r y  K i n e t i c  M easu rem en ts
The r e a c t i o n  was c a r r i e d  o u t  a t  
0° i n  t h e  v e s s e l  shown i n  P i g . 4  w h ic h  
had  a c a p a c i t y  o f  a p p r o x i m a t e ly  ^  -^1
350m l. A w e l l  s t i r r e d  i c e - w a t e r  
m ix tu r e  was u s e d  a s  a t h e r m o s t a t .
The r e a c t a n t  s o l u t i o n s ?  "both 
b e f o r e  and  a f t e r  m ix in g ,  w ere  
k e p t  u n d e r  n i t r o g e n .  The 
r e a c t i o n  m ix tu r e  was s t i r r e d  
c o n t i n u o u s l y .
A s o l u t i o n  o f  g l y o x a l  (100 m l .  o f  0 . 0150m o l e s / l i t r e )  
was p u t  i n t o  t h e  r e a c t i o n  v e s s e l ,  and t h e  a l k a l i  (sod ium  h y d r o ­
x id e  (150  m l .  o f  0o01720N)) was ad ded  u s i n g  a p i p e t t e .
A s t o p  w a tch  was s t a r t e d  a s  t h e  l a s t  o f  th e  a l k a l i  e n t e r e d  
th e  v e s s e l .  S am p les  (20  m l .  eao h )  w ere  w ith d ra w n  from  t h e  
r e a c t i o n  m ix tu r e  w i t h  a  p i p e t t e  and  th e  r e a c t i o n  i n  t h e  sam p le  
was s to p p e d  b y  s w i f t l y  a d d in g  th e  sam ple  t o  h y d r o c h l o r i c - a c i d
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s o lu t io n  (25  mlo o f  0.01[|-9.5^) * Sam ples were tak en  a t th e  
fo l lo w in g  tim es; 2 , 5> 9* 13> 1 8 , 2 4 , 3 2 , I4U* 61 and 80 m in u te s . 
When a l l  th e  sam p les had b een  removed and " stop p ed " , th e  e x c e s s  
h y d r o c h lo r ic  a c id  was t i t r a t e d  a g a in s t  sodium h y d ro x id e  s o lu ­
t io n  (0.0172Q N) u s in g  p h en o l red  as in d ic a t o r .  The amount 
o f  a l k a l i  u se d  in  t h i s  t i t r a t i o n  i s  p r o p o r t io n a l to  th e  amount 
o f  a l k a l i  th a t  had r e a c te d  w ith  th e  g ly o x a l .
A f t e r  t h i s  t i t r a t i o n  th e  g ly o x a l  rem ain ing was d eterm in ed  
io d o m e t r ic a l ly  a s  d e s c r ib e d  p r e v io u s ly ;  th e  volum e o f  th e  
s o lu t io n  was n o te d  so  th a t  th e  c o r r e c t io n  c o u ld  be d e term in ed .
To th e  n e u tr a l  s o lu t io n  o b ta in e d  from th e  a lk a l im e t r ic  
d e te r m in a t io n  a p h osp h ate  b u f f e r  s o lu t io n  (10  m l . ,  pH 7*3) 
and sodium b i s u l p h i t e  s o lu t io n  (5  m l. o f  0.05M) were added and 
th e  m ixtu re  l e f t  f o r  tw en ty  m in u te s . H y d ro ch lo r ic  a c id  s o lu ­
t io n  (5  m l. o f  IN) was th en  added and th e  s o lu t io n  was th en  
t i t r a t e d  a g a in s t  io d in e  s o lu t io n  (0 .09032N ) u s in g  s ta r c h  
s o lu t io n  (2  m l.)  as in d ic a t o r .
P re lim in a r y  k i n e t i c  measurement w ith  th e  p o ly m eric  a l k a l i
The p roced ure was s im i la r  to  th e  n on -p o lym eric  a l k a l i  
run; in  th e  r e a c t io n  v e s s e l  was g ly o x a l  s o lu t io n  (100 m l. o f  
O.OI495M) and a s o lu t io n  o f  p o ly m eric  h y d ro x id e  (150 m l. o f  
0.01510N ) was added u s in g  a p i p e t t e ,  sam p les (20  m l.)  were ta k en  
a t in t e r v a l s  o f  15 0* 315> 780 , 1080 , H 440, 1935* 26U0 , 3600
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and ii.800 seco n d s a f t e r  th e  l a s t  a l k a l i  had e n te r e d  th e  r e a c t io n  
v e s s e l .  The sam ples were "stopped" b y  s w i f t l y  add ing  them to  
h y d r o c h lo r ic  a c id  (25  m l. o f  0 . 01495N) and th e s e  w ere th en  
a l k a l i m e t r i c a l l y  e s t im a te d  a s  in  th e  p r e v io u s  ru n . I t  was 
found th a t  a f t e r  150 seco n d s a p p ro x im a te ly  85% o f  th e  r e a c t io n  
had o ccu rred  so  no io d o m e tr ic  d e ter m in a tio n s  w ere c a r r ie d  o u t .
The r e s u l t s  o f  th e s e  p r e lim in a r y  runs a t  0° w i l l  he  
d is c u s s e d  l a t e r  . They were s u f f i c i e n t  to  show th a t
th e  r e a c t io n  w ith  p o lym eric  h yd rox id e  i s  much s w i f t e r  th an  w ith  
a sim p le  a l k a l i  l i k e  sodium  h y d r o x id e . Even w ith  low  i n i t i a l  
c o n c e n tr a t io n s  (p o ly m eric  a l k a l i  0.003N* g ly o x a l  0.0015M ) th e  
h a l f - l i f e  o f  th e  r e a c t io n  a t  25° was a p p ro x im a te ly  19 s e c o n d s .
I n tr o d u c t io n  to  H igh F req u en cy  M easurem ents
I f  a s o lu t io n  i s  p la c e d  in  an a l t e r n a t in g  e l e c t r i c  or  
m agn etic  f i e l d  o f  h ig h  freq u en cy  ( i n  th e  range 10 -  50 M c /s ) ,  
i t  i s  p o s s ib le  t o  produce io n ic  or d ip o la r  m otion  w ith o u t th e  
in tr o d u c t io n  o f  e le c t r o d e s  in to  th e  s o lu t io n .  E nergy i s  r e ­
q u ired  t o  produce t h i s  m otion  and a l i q u i d  or s o l u t i o n  introduced , 
in t o  th e  c i r c u i t  o f  an o s c i l l a t o r  c a u se s  a change in  i t s  
c h a r a c t e r i s t i c s .  The ch an ge, w h ich  can be m easured , may be  
in  th e  anode c u r r e n t or  v o l t a g e ,  or  in  th e  fr e q u e n c y  o f  th e  
o s c i l l a t o r ,  dep en d in g  on th e  d e s ig n  and  purpose o f  th e  a p p a ra tu s .
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G -e n e ra l ly  t h e r e  a r e  two ways o f  i n c o r p o r a t i n g  a  con ­
d u c t i v i t y  c e l l  i n t o  an  o s c i l l a t o r y  c i r c u i t *  The g l a s s  o r  
c e ra m ic  c e l l  may he  c o n n e c te d ,  v i a  e x t e r n a l  hand  e l e c t r o d e s ,  
i n  p a r a l l e l  w i t h  t h e  c a p a c i t a n c e ,  o r  p l a c e d  d i r e c t l y  i n s i d e  
t h e  i n d u c t a n c e ;  th e  te rm s  ” c a p a c i t i v e 11 and  ” i n d u c t i v e ” a r e  
u s e d  t o  d e s c r i b e  th e  two ty p e s  o f  c e l l s *  W h i l s t  b o t h  t y p e s  
a r e  s e n s i t i v e  to w a rd s  e l e c t r o l y t e  c o n c e n t r a t i o n  c h a n g e s ,  t h e  
c a p a c i t i v e  t y p e  i s  a l s o  s e n s i t i v e  to  d i e l e c t r i c  c o n s ta . t  v a r i a ­
t i o n s ;  on t h e  o t h e r  h a n d ,  t h e  i n d u c t i v e  t y p e  c e l l  t e n d s  t o  
m in im ise  t h e  e f f e c t  o f  such  v a r i a t i o n s  [1 0 2 ]*
Much o f  t h e  r e s e a r c h  i n  o s c i l l o m e t r y  h a s  b e e n  c o n c e rn e d  
w i th  o s c i l l a t o r s  i n c o r p o r a t i n g  c a p a c i t i v e  ty p e  c e l l s ,  m a in ly  a s  
t o o l s  f o r  t i t r i m e t r y ;  r a d i o - f r e q u e n c y  m ea su re m e n ts  f o r  th e  
d e t e r m i n a t i o n  o f  t i t r i m e t r i e  e n d - p o i n t s  w ere  f i r s t  u s e d  i n  
1946 [ 1 0 3 ]*
The RE r e s p o n s e  c h a r a c t e r i s t i c s  o f  e l e c t r o l y t e  s o l u t i o n s  
c a p a c i t i v e  c e l l s  h a v e  b e e n  e x t e n s i v e l y  i n v e s t i g a t e d ,  and some 
s i g n i f i c a n t  r e l a t i o n s h i p s  have  b e e n  e x p r e s s e d  m a t h e m a t i c a l ly  and  
v e r i f i e d  e x p e r i m e n t a l l y [  101+]. The same, h o w ever ,  c a n n o t  be s a i d  
o f  t h e  i n d u c t i v e  c e l l ,  w h ich  i s  t h e  t y p e  more s u i t a b l e  f o r  
k i n e t i c  s t u d i e s *
The h ig h  f r e q u e n c y  o s c i l l a t o r  u s e d  f o r  t h e  i n v e s t i g a t i o n  
o f  r a t e s  o f  c o m p a r a t i v e l y  f a s t  r e a c t i o n s  was b a s e d  on t h a t
d e sc r ib e d  b y  Plom and E lv in g  [ 1 0 5 ] , who u sed  th e  o s c i l l a t o r  
t o  stu d y  th e  r a t e s  o f  a lk a l in e  h y d r o ly s e s  o f  some a l ip h a t i c  
e s t e r s .
The a c tu a l  ap p aratu s u sed  was d e v e lo p ed  from Plom and 
E lv in g * s  o r ig in a l  d e s ig n  by  Lee and Saad i [106J and u sed  b y  them 
to  s tu d y  th e  r a p id  h y d r o ly s e s  o f  some c y c l i c  c a rb o n a tes  [ 1 0 7 ] •
C ir c u it  and b lo c k  diagram s o f  th e  ap p aratu s and d e s c r ip ­
t io n  o f  th e  c e l l s  u sed  are  g iv e n  in  P ig s *  6 and 7 
(p p . 9 0 - 9 3 ) .
The o u te r  ja c k e t  o f  th e  c e l l  was r i g i d l y  mounted on a 
wooden b lo c k  f ix e d  to  t h e  c h a s s i s ,  and h e ld  in  p lac©  b y  a t i g h t  
f i t t i n g  m eta l band round th e  j o in t  b o l t e d  to  th e  o u te r  m eta l
s c r e e n  (P ig* 5 )» T h is  band a l s o  se r v e d  as an e a r th e d  s h ie ld
to  m in im ise  ch an ges in  o s c i l l a t o r  c u r re n t due to  change o f  th e  
l i q u i d  l e v e l  in s id e  th e  c e l l .
The R ecord in g  p o te n tio m e te r  u sed  was a H oneywell-Brown  
E le c tr o n ik  r e c o r d e r  (No. 153 x  16 -  (VBH) -  I I  -  I I I  -  118)
w hich had a f u l l  s c a le  d e f l e c t io n  tim e o f  \  secon d  and a range
o f  0 -  10 mV. The v o l ta g e  m easured was d ev e lo p ed  by th e  
o s c i l l a t o r  anode c u r re n t a c r o s s  a r e s i s t o r  ( l^  i a  P ig .  6 . ) .
A S o la r tr o n  (m odel SRS 151A-) c o n s t a n t - v o lta g e  power 
su p p ly  was u se d  to  p ro v id e  th e  h ig h  t e n s io n  v o lta g e  (300 V .)  
to  th e  o s c i l l a t o r .  The v a lv e s*  f i la m e n t  su p p ly  was tak en  from
- 9 0 -
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a 6 V . 7 h eavy  d u ty 7 accu m u la tor , w hich p ro v id ed  th e  1 .3  amps, 
r e q u ir e d  f o r  s e v e r a l  hours w ith  o n ly  a sm a ll drop in  v o l t a g e .
The accu m u lator  was charged  a f t e r  ev ery  tw e lv e  h o u r s7 u s e .
The com p lete  ap p ara tu s was hou sed  in  a th erm o sta ted  
room, p r o te c te d  from d rau gh ts and m ech an ica l v ib r a t io n s .
E arth ed  copper s h e e t s  v/ere p la c e d  under th e  ap p aratu s and each  
u n it  was ea rth ed  to  th e  cop p er  s h e e ts  % t h i s  arrangem ent r e -  
duced th e  e f f e c t  o f  s t r a y  c a p a c ita n c e s  t o  a minimum.
The s o lu t io n  c e l l  ( F ig . 8 ) f i t t e d  in t o  th e  app aratu s by  
means o f  a ground g la s s  j o i n t .  T h is  had th e  ad van tages th a t  
th e  c e l l  co u ld  be removed f o r  e a s ie r  c le a n in g , and more im p ortan t  
c e l l s  o f  sm a lle r  in t e r n a l  d ia m eter  c o u ld  be u se d , e n a b lin g  
s o lu t io n s  o f  h ig h e r  c o n c e n tr a t io n  to  be s t u d ie d .  The c e l l  
was c lo s e d  w ith  a rubber bung w ith  op en in gs f o r  a m o to r -d r iv en  
s t i r r e r ,  f o r  p a s s in g  n itr o g e n  over  th e  su r fa c e  o f  th e  s o lu t io n  
in  th e  c e l l ,  and  fo r  i n j e c t i o n  of r e a c ta n t s .
The c e l l  was m a in ta in ed  a t  c o n sta n t  tem p eratu re  by c i r ­
c u la t in g  d i s t i l l e d  w a te r , a t  th e  r e q u ir e d  tem p era tu re , through  
th e  o u te r  ja c k e t .  The c o n s ta n t  tem p eratu re  ap p aratu s con­
s i s t e d  o f  a therm ostated  b a th  c o n ta in in g  d i s t i l l e d  w ater and a 
7c ir c o th e r m 7 c ir c u la t in g  pumpj a tem p eratu re  c o n tr o l  o f  
-  0 .0 7 °  was o b t a in a b le .  A part from  th e  n e c e s s i t y  fo r  fr e q u e n t  
rep la c em e n t, d i s t i l l e d  w ater  had no d isa d v a n ta g e  compared w ith
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th e  o r g a n ic  c o o la n t  ( in  a s e a le d  system ) u sed  by Flom and 
E lv in g .
F or - r e p r o d u c ib il i ty  o f  th e  i n i t i a l  o s c i l l a t o r  cu rren t i t  
was n e c e s s a r y  to  e x p e l th e  band o f  a i r  trap p ed  above th e  o u t le t  
tub e o f  th e  c o o lin g  ja c k e t  by th e  c i r c u la t in g  w a te r . T h is  
was a c h ie v e d  b y  s e c u r in g  a f i n e  p o ly th en e  tube in s id e  th e  
ja c k e t  d i r e c t l y  b e low  th e  jo in t  and p a s s in g  i t  th rough  th e  
o u t l e t  s id e -a r m .
The in v e s t ig a t io n s  o f  S aad i [107] showed th a t  th e  o s c i l l a ­
to r  anode c u r r e n t r o se  to  a maximum, and th e n  d e c re a sed  w ith  
fu r th e r  in c r e a s e  in  e l e c t r o l y t e  c o n c e n tr a t io n  ( F ig .  9 ) .  
Comparing s o lu t io n s  o f  sodium  c h lo r id e  and h y d r o c h lo r ic  a c id ,  
th e  c o n c e n tr a t io n s  a t  w hich maxima are produced are in v e r s e ly  
p r o p o r t io n a l to  th e  e q u iv a le n t  con d u ctan ces o f  th e  e l e c t r o l y t e s  
th e  c o n c e n tr a t io n s  o f  HC1 and N'aCl s o lu t io n s  c o rresp o n d in g  to  
maximum o s c i l l a t o r  c u r re n t were 0.0080M and 0.0280M  r e s p e c t iv e ­
l y ,  and t h e i r  r e s p e c t iv e  e q u iv a le n t  co n d u cta n ces a re  425*5  and 
126 . 4 . I t  was a ls o  found th a t  when a c e l l  o f  sm a lle r  in t e r n a l  
d iam eter  ( F ig .  8 ) was u s e d , maximum o s c i l l a t o r  cu rren t w as  
o b ta in ed  a t  h ig h e r  c o n c e n tr a t io n s :  0.0133M HC1 s o lu t io n ,  and
0 .0476 m' NaCl s o lu t io n  gave maximum o s c i l l a t o r  c u r r e n t w ith  
t h i s  c e l l .  Thus, th e  o s c i l l a t o r  resp on d s to  th e  con d u ctan ce  
o f  th e  e l e c t r o l y t e  in  a manner r e la t e d  to  i t s  e q u iv a le n t
- 9 6 -
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con d u ctan ce -4S toy ;
M / \
d = ^"qqqq where C i s  c e l l  c o n s ta n t , and 6 th e
co n d u cta n ce .
The e f f e c t  o f  a p p r e c ia b le  change in  d i e l e c t r i c  c o n s ta n t  
was a l s o  in v e s t ig a t e d  toy ad d in g  d ioxan  to  w a te r  in  th e  c e l l  
and v ic e  v e r s a ;  n e g l ig i b l e  change in  th e  anode cu r re n t was 
o b ser v ed . The o s c i l l a t o r  is?  t h e r e fo r e ,  i n s e n s i t i v e  to  
dhanges j n d ie le c t r ic  c o n s ta n t  o f  n o n - e le c t r o ly t e s  over  a w ide  
ra n g e •
The freq u en cy  o f  th e  o s c i l l a t o r  c o u ld  toe v a r ie d  from  
15 to  2 0  M c/s; th e  optimum r e so n a n t frequency? fo r  w hich th e  
anode c u r re n t was a minimum? was o b ta in e d  a t  about 1 8 .5  M c/s 
(Saad i [ 1 0 7 ] ) .  Tiie o s c i l l a t o r  cu rren t a t  t h i s  freq u en cy  was 
about 20 ma.? r i s i n g  to  ma. when o s c i l l a t i o n s  w ere c o m p le te ly  
damped o u t .
The o s c i l l a t o r  and r ec o rd er  were sw itc h e d  on a t  l e a s t  one 
hour b e fo r e  m easurem ents were s t a r t e d .  The c a p a c ita n c e  d i a l s  
Ci> Cg and were a d ju s te d  in  tu rn  u n t i l  minimum o s c i l l a t o r  
anode c u r r e n t was o b ta in e d  (Mg = 20 m a .) .  The r e s i s t a n c e s  
and o f  th e  b a la n c in g  c i r c u i t  (w hich  produced a c u r re n t  
in  o p p o s it io n  to  th e  o s c i l l a t o r  c u r re n t so th a t  th e  ammeter
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a lw ays reco rd ed  th e  d i f f e r e n c e  betw een  them) w ere a d ju s te d  to  
g iv e  zero  a t  A lk a l i  (100 m l.)  was th en  p ip e t t e d  in to  th e
c e l l?  th e  c ir c u la t in g  pump and s t i r r e r  were s t a r t e d  and th e  
s o lu t io n  was a llo w ed  to  come to  e q u ilib r iu m  under a s lo w  stream  
o f  n i t r o g e n .  The span and zero  c o n tr o ls  f o r  th e  rec o rd er  
were a d ju ste d  su ch  th a t  th e  t o t a l  condu ctan ce change? c o r r e s ­
ponding to  com p lete  r e a c tio n ?  o c cu p ied  th e  maximum c h a r t w id th .  
[The i n i t i a l  r e c o r d e r  r ea d in g  was about n in e t y  u n i t s  ( s c a le  
0 -  1 0 0 ) ] .  The chart d r iv e  was sw itc h e d  on (sp eed  -  2 in c h e s  
min.""1 ) .  When th e  a l k a l i  had a t t a in e d  a s t a t e  o f  eq u ilib r iu m ?
i . e .  a v e r t i c a l  l i n e  was produced by th e  r e c o r d e r , a p o r t io n  
o f  g ly o x a l  s o lu t io n  (2 .0 0  m l . ) was in j e c t e d  in t o  th e  c e l l  toy 
means o f  a g la s s  sy r in g e  w ith  s t a i n l e s s  s t e e l  ca n n u la .
The change in  condu ctan ce w ith  tim e o f  th e  o s c i l l a t o r  
was tr a c e d  by th e  r e c o r d e r . The tfi n f i n i t y ” rea d in g  was tak en  
at t e n  t im e s  th e  h a l f  l i f e  o f  th e  r e a c t io n  (ab ou t 99•9% r e a c t io n )  ,
A f t e r  p r e lim in a r y  rim s w ith  sodium h y d ro x id e  and 
p o ly (v in y lb e n z y ltr ie th y la m m o n iu m ) hydroxide s o lu t io n s  i t  was 
found th a t  in  ord er  to  ta k e  th e  i n f i n i t y  r ea d in g  f o r  th e  sodium  
h yd rox id e  s o lu t io n  th e  app aratu s had to  be l e f t  running f o r  
about one h o u r . T h is  was u n s a t i s f a c t o r y  b eca u se  th e  o s c i l l a t o r  
cu rren t d r i f t  was a p p r e c ia b le  a f t e r  about f i f t e e n  m in u te s , and 
th e  o s c i l l a t o r  c u r re n t d r i f t  changed th e  reco rd ed  v a lu e  o f
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co n d u cta n ce . A s l i g h t l y  d i f f e r e n t  tec h n iq u e  was ad op ted  to  
circu m ven t t h i s  d i f f i c u l t y  f o r  some ( a s t e r i s k e d  X) o f  th e  
sodium h y d ro x id e  and b en zy ltrieth y lam m on iu m  hydroxide r u n s ; 
a f t e r  te n  m in u tes th e  r e c o r d e r  ch a rt d r iv e  was sw itc h e d  o f f  
and th e  s o lu t io n  in  th e  c e l l  removed u s in g  a p ip e t t e  and r e ­
p la c e d  "by an aged ( l  hour) s o lu t io n  w hich  had th e  same i n i t i a l  
com ponents as th e  s o lu t io n  i n  th e  c e l l ;  th e  ch a rt d r iv e  was 
th en  sw itc h e d  on and th e  i n f i n i t y  rea d in g  ta k e n .
The tech n iq u e  was fu r th e r  changed to  overcome t h i s  d i f f -  
c u l t y  (u sed  on runs marked + )•  A f t e r  about t e n  m in u tes  
h y d r o c h lo r ic  a c id  (5  m l. —  0 .03N ) was in j e c t e d  in t o  th e  c e l l .  
The r e a c t io n  sto p p ed  and th u s an a r t i f i c i a l  i n f i n i t y  rea d in g  
c o u ld  "be ta k e n . The s o lu t io n  was th en  q u a n t i t a t iv e ly  t r a n s ­
fe r r e d  to  a c o n ic a l  f l a s k  (250 m l.)  and th e  e x c e s s  h y d r o c h lo r ic  
a c id  was hack t i t r a t e d  a g a in s t  a sta n d a rd  s o lu t io n  o f  sodium  
h y d ro x id e , w ith  p h en o l red  as in d ic a to r *
In  th e  main programme o f  runs th e  s tr e n g th s  o f  th e  
s o lu t io n s  were u s u a l ly  :
a l k a l i  in  c e l l  (100 m l. 0 .0 0 3 0 6 N ); 
g ly o x a l  in j e c t e d  (2 .0 0  m l. O.O765M);
t h i s  gave i n i t i a l  c o n c e n tr a t io n s  o f  a l k a l i  and g ly o x a l  o f  
0.00300N  and 0.00150M  r e s p e c t i v e l y .  F u r th er  d e t a i l s  o f  th e  
k in e t ic  runs are  g iv e n  l a t e r  (p . 1 0 3 ) , a worked exam ple
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o f  each  ty p e  i s  a l s o  g iv e n  (p . 1 6 8 ) .
To g iv e  an in d ic a t io n  o f  th e  sp eed  o f  m ix in g  o f  th e  
s o lu t io n  in  th e  c e l l  and th e  in j e c t e d  s o lu t io n ,  w ater  (100 m l.)  
was p la c e d  in  th e  s o lu t io n  c e l l  and th e  s t i r r e r  was s t a r t e d .
A s o lu t io n  o f  p o ta ssiu m  perm anganate ( 2 .0  m l.)  was in j e c t e d  
in to  th e  c e l l ,  a lm ost in s ta n ta n e o u s ly  th e  s o lu t io n  "became a 
hom ogeneous purple c o lo u f .
From th is  t e s t  i t  was n o ted  th a t  th e  9m ix in g  tim e* o f  the. 
two r e a c ta n t  s o lu t io n s  was n e g l i g i b l e  even  compared w ith  th e  
s m a lle s t  h a l f - l i f e  ( c a .  12 s e c s . ) .
The a l k a l i  s o lu t io n s  were prepared  b y  d i lu t in g  a c e r ta in  
volume o f  a sta n d a rd  s o lu t io n  to  500 m l. in  a grad u ated  f l a s k .  
The g ly o x a l  s o lu t io n s  were prepared  by  w eig h in g  a p o r t io n  o f  
g ly o x a l  m onohydrate w hich  c o n ta in e d  th e  c o r r e c t  amount o f  g ly ­
o x a l to  g iv e  a s o lu t io n  (0 .0 7 6 3 1 ) in  w ater  ( 25 m l . ) ;  t h i s  
p o r t io n  o f  g ly o x a l  m onohydrate was th en  d is s o lv e d  in  w ater  and 
th e  s o lu t io n  was d i lu t e d  to  25 n il. in  a grad u ated  f l a s k .  
S o lu t io n s  th a t  had b een  prepared  fo r  more than  one day were  
n ot u se d .
The c a l ib r a t io n s  o f  th e  o s c i l l a t o r  were c a r r ie d  out in  a 
s im ila r  manner to  th e  k i n e t i c  runs w ith  th e  e x c e p t io n  th a t  th e  
c e l l  i n i t i a l l y  c o n ta in e d  c o n d u c t iv i ty  w ater  (100 m l.)  and th a t  
p o r t io n s  o f  a c id  (HCl) or a l k a l i  (NaOH) w ere added, to  t e s t  th e  
l i n e a r i t y  o f  th e  r e c o r d e r  r e sp o n se  t o  in c r e a s e d  e l e c t r o l y t e
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c o n c e n tr a t io n .
B a s is  o f  C a lc u la t io n s
As th e  g ly o x a l  s o lu t io n  r e a c t s  w ith  th e  sodium h y d ro x id e  
s o lu t io n  s -
(CH0)2 + OH-  — > CH2 .0H .C02”
th e  change in  th e  r e c o r d e r  r e a d in g  i s  p r o p o r t io n a l to  th e  
change in  c o n c e n tr a t io n  o f  h y d ro x y l i o n s .  B ecau se th e  g ly o x a l  
s o lu t io n  i s  added to  th e  a l k a l i  s o lu t io n  in  th e  c e l l ,  th en  th e  
t o t a l  change in  th e  reco rd er  rea d in g  w i l l  in c lu d e  a sm a ll  
i n i t i a l  change due to  th e  e f f e c t  o f  d i l u t i o n  hy  th e  added sub­
s t r a t e .  T h is  sm a ll change may be d eterm in ed  by  add ing  an 
e q u iv a le n t  volume o f  w ater  to  th e  sodium  h yd rox id e  s o lu t io n  and 
; n o t in g  th e  change in  r e c o r d e r  r e a d in g . S u b tr a c t in g  t h i s
\ change from th e  i n i t i a l  r e c o r d e r  rea d in g  a t  tim e z e r o , and d e -
| s ig n a t in g  th e  new r e c o r d e r  r ea d in g  i Q and th e  rea d in g  a t  th e  end
I o f  th e  r e a c t io n  i  ? th e  c o n c e n tr a t io n  change o f  th e  h y d ro x y l
j  o o
I io n s  in  s o lu t io n  i s  p r o p o r t io n a l to  i  -  i QO» One e q u iv a le n t
j o f  a l k a l i  r e a c t s  w ith  one m ole o f  g ly o x a l  (Salomaa [ l la ] ) ;
th e r e fo r e  as th e  a l k a l i  was a lw ays u sed  in  e x c e s s ,  i Q -  i Q0 i s  
j p r o p o r t io n a l to  th e  i n i t i a l  g ly o x a l  c o n c e n tr a t io n ,
j The f r a c t i o n a l  d e c r e a se  in  c o n c e n tr a t io n  o f  h y d ro x y l
j io n s  a f t e r  tim e t  w i l l  be p r o p o r tio n  to  ( i Q -  i ^ ) / ( i Q “ ^0 o ^ 9
I
I - 
(
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and th e  number o f  g - io n s  o f  OH* u sed  up (x ) w i l l  h e  eq u a l to
-  i t ) a / ( i o ■ i o o ) or where -^ = " i t ) / ( i o ■ i oo)
and a i s  th e  i n i t i a l  g ly o x a l  c o n c e n tr a t io n .
By s u b s tu t in g  x in  th e  in te g r a te d  form ( 2,) o f  th e  
d i f f e r e n t i a l  eq u a tio n  ( l )  r e p r e s e n t in g  a t h ir d  order r a te  equa­
t io n  (se c o n d  order in  h y d ro x y l io n  c o n c e n tr a t io n  and f i r s t  
ord er in  g ly o x a l  c o n c e n tr a t io n )  [ 11a] th e  s p e c i f i c  r a te  c o n sta n t  
c o u ld  he c a lc u la t e d  j
a and h a re  th e  i n i t i a l  c o n c e n tr a t io n s  o f  g ly o x a l  and h y d ro x y l 
io n  r e s p e c t i v e l y  and k i s  th e  s p e c i f i c  r a te  c o n s ta n t .
Worked exam ples o f  c a lc u la t io n s  o f  r a te  c o n s ta n ts  are
g iv e n  on p .168* (B oth  m anu ally  worked exam ples and a computer
programme f o r  s o lu t io n  o f  th e  e q u a tio n  are  g iv e n ) .
-1 0 3 -
Key :
K in e t ic  R e s u lt s
01
OH®
P-OH
NaOH
NaCl
Na2S0^
[ ] 
T
k
g l y o x a l • 
h y d ro x y l io n .
p o ly m eric  q u atern ary  ammonium h y d ro x id e .
sodium h y d r o x id e .
sodium  c h lo r id e .
sodium s u lp h a te .
c o n c e n tr a t io n  o f .
a b s o lu te  tem p era tu re .
o b serv ed  th ir d -o r d e r  s p e c i f i c  r a te  co n sta n tc
"-1024.-
V a lu es  o f  k in  aqueous s o lu t io n  o f  sodium  h yd rox id e  
a t 2 5 .0 0  -  0 .0 7 ° o No added s a l t .
jRun No.I 10-1 G l] I 10 .[OH” ] ;
s  -  ’ aged  s o lu t io n  ’ te c h n ig u e  ( p .99)
+ -  ’a r t i f i c i a l  i n f i n i t y ’ te c h n ig u e  ( p . 99) 
s -  Salom aa te c h n ig u e  (p»85)
2 - 2  - 1  Mean k fo r  a l l  runs = 263 1 . m ole s e c .
Mean 10“ 2 .k
_ 2 - 1  1 . m ole s e c .
2 .5 8  -  0 .0 8
2 .4 9  -  0 .0 7
2 .7 3  * ° .0 3
2 .5 2  -  0 .0 8  i
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V a lu e s  o f  k in  aqueous p o lym eric  q u atern ary  
ammonium h yd rox id e  s o l u t i o n s 9 a t  25*00 -  0 .0 7 °
No added s a l t *
Run N o. i o 3 [ G l ]
(M)
X 0 ~ \  OH- ] 
(W)
- 3
10 .k
2 -2  1 .  mole
5* 1*50 2 .9 4 6 .0 2
6s 1 .5 0 2« 9 k 6 .^ 7
8* 1*50 2*94 6 .1 2
65 1 .5 0 3*00 7 .0 5
66 1*50 3*00 7 .1 4
67 1 .5 0 3*00 7 .2 1
68 1 .5 0 3*00 7 .0 8
69 1 .5 0 3 .0 0 6 .7 6
70 1 .5 0 3 .0 0 6 .8 5
se c -1
Mean 10 .k
2 - 2  - 1  1 . m ole s e c .
6 . 2 0  -  0 .1 4
7 .0 1  -  0 .0 7
P r e lim in a r y  in v e s t ig a t io n s  c a r r ie d  ou t w ith  p o ly m eric  
a l k a l i  w hich c o n ta in e d  a sm a ll c h lo r id e  io n  con­
c e n tr a t io n  ( s e e  p * 1 5 8 ) .
1 0 6 -
TABLE 6
V a lu es  o f  Is in  aqueous hen zy ltr ieth y lam m on iu m  
h y d ro x id e  s o lu t io n s  ([OH- ] = 3 .0 0  x  10~-% ),
a t  2 5 .0 0  ± 0 .0 7 ° •  Wo added s a l t .
Run No. 103[0 1 ]
(M)
—210 .k
.. 2 n -2  - 1  1 . m ole s e c .
10 1 .5 0 2 .7 3
18 1 .5 0 2 .7 5
31 1 .5 0 2 .8 0
51 1 .5 0 2 .5 3
52 1 .5 0 2 .9 0
55 1 .5 0 . 2 .6 3
56 1 .5 0 2 .5 4
59 1 .5 0 2 .9 8  |
60 1 .5 0 2 .7 8  J
61 1 .5 0 2 .5 3  j
62 1 .5 0 2 .8 8  |
63 1 .5 0 2 .7 0  |
1
Mean 10~^ .k
2 . - 2  - 1  m ole s e c .
2 .7 3  1  0 .0 4
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V a lu es  o f  k in  aqueous sodium h yd rox id e  s o lu t io n s  
([OH9 ] = 3 .0 0  x  10- 3 N, [G l]  = 1 .5 0  x  10- 3 M), a t  2 5 .0 0  ± 0 .0 7 ° .
in  th e  p r e sen ce  o f  added s a l t .
Run N o. S a l t 10 [ S a l t ]  
(M)
10 . k
2 - 2  - 1  1 . m ole s e c .
Mean 10~ .k
2 - 2  - 1  1 . m ole s e c .
113
114
115
116
NaCl
NaCl
NaCl
NaCl
I I
9 .0 0   ^
9 .0 0  
9*00
9 o00
3*59
3*U3
3*58
3*36
3 .4 9  i  0 .0 6
121 NaCl 3 .0 0 3*09
122 NaCl 3 .0 0 3*00 3 .0 3  i  0 .0 2
123 NaCl 3 .0 0 2 .9 8
1 2 k NaCl 3*00 3*05
125 Na2S0u 9*00 3*5U
3 .5 6  ± 0 .0 2126 Na2S0^ 9*00 3*50
127 Na^SO^ 9*00 3*59
128 Na2S0^ 9 .0 0 3*60
129 Ha2S0^ 3*00 3*09
130 Wa2S0^ 3*00 3*16 3 .1 3  ±  0 .0 3
131 Na2S0^ 3*00 3*20
132 Na2S0u 3*00 3 :0 5
! _
— 0 - 2 . 63*
* -  from page 102*
TABLE 8
V a lu e s  o f  k  i n  aq u eo us  p o ly m e r ic  q u a t e r n a r y  ammonium 
h y d ro x id e  s o l u t i o n s  ([OH^J = 3*00 x 10 ^N? [G*l] =
1 .5 0  x 10 3M)j a t  25*00 -  0o 07° j  i n  t h e  p r e s e n c e  o f
added  s a l t .
Run No. S a l t 103[ S a l t ] H O
1 IV)
O Mean 10~2 . k
( I ) 2 - 2  - 1  < 1 .  m ole s e c .  j 2 - 2  - 1  1 .  mole s e c .
- - 0 - 7 0 . 1*
81 NaCl 0 .6 0 34*8
82 NaCl 0 .6 0 5 2 .6 5 4 .2  -  0 .0 2
83 NaCl 0 .6 0 35*3
84 NaCl 0 .6 0 54*2
85 NaCl 1 .5 0 3 2 .9
86 NaCl 1 .5 0 3 2 .6 3 2 .2  -  0 .0 8
87 NaCl 1 .5 0 33*3
88 NaCl 1 .5 0 3 0 .0
89 NaCl 3*00 17*8
90 NaCl 3*00 17*9
91 NaCl 3*00 17*0 1 7 .6  -  0 .2 0
92 NaCl 3*00 17*5
93 NaCl 9*00 4*73
94 NaCl 9 .0  0 4*70 k . 7 6  -  0 .0 9
95 NaCl 9*00 5*00
96 NaCl 9 .0 0 4*60
/C o n td
H from  T a h le  5
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TABLE 8 ( C o n t d c )
97
98
99
101
102
103
105
106
107
108
117
118
119
120 
153 
151+ 
155
Na2S0^
Na2S0u
Ea2S0u
NapS0, 
Na2S0^ 
N a ^
Na SO.
Na230^
Na2S0u
NaoS0, 2 4
Na2S0^
Na2304
Na2S0l+
Nao30, 2 k
Na„S0
k
NaoS0, 2 4
2
l ’
Na^SO
0 . 6 0
0 .6 0
0 . 6 0
1 .5 0
1 .5 0
1 .5 0
3 .0 0
3 .0 0  
3 .0 0  
3 .0 0
9 .0 0
9 .0 0
9 .0 0
9 .0 0
9 .0 0
9 .0 0
9 .0 0
1+0.9
¥ > .3
1+0 . 6
1 8 .5
1 8 .5  
1 8 .3
5.71+ 
5 .9 0  
5.68 
5 *  86
1 .1+8
1 .5 3
1 .5 3  
1.66  
1.U9 
1 .66  
1 e
1+0 . 6  ±  0 . 0 2
4*1 8 . k  ~  0 .0 1
5 .8 0  -  0 .0 5
1 .6 0  -  0 .05
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V a lu e s  o f  k in  aqueous sodium h y d ro x id e  s o lu t io n s  
([OH9 ] = 3 .0 0  x  10“ % , [G'l] = 1 .5 0  x  10“% ) , a t  
a t  d i f f e r e n t  tem p eratures?  No added s a l t .
Run No^ Tem perature
°G
i o 3 . t _1 -2» Moan 10 .k
1 .  m ole s e c .  1 1 .  m ole s e c .
2 5 .0 0  -  0 .0 7
2 0 .5 0  -  0 .0 7
2 0 .5 0  J °* °7
2 0 .5 0  -  0 .0 7
2 9 .8 0  ± 0 o07
2 9 .8 0  2  0 .0 7
2 9 .8 0  -  0 .0 7
3 .4 0 7
3 .4 0 7
3 .4 0 7
3T302
3 .3 0 2
3 .3 0 2
4 .1 0
4 .0 7
4 .06
1 . 7 1  -  0 .0 2
4 .0 8  1 0 .0 2
-  from page 104
TABLE 10
V a lu e s  o f  k in  aqueous p o ly m eric  q u atern ary  ammonium 
h y d ro x id e  s o lu t io n s  ([0H @] = 3*00 x 10 [ l ]  =
1 .5 0  x 1 0 ~ \ . ) 9 a t d i f f e r e n t  tem p er a tu r es . No add^d s a l t .
Run N o.
137
138
139
140
141
142 
143 
H44
Tem perature  
°C
2 5 .0 0  -  0 .0 7
2 0 . 5 0  -  0 . 0 7
2 0 . 5 0  i  0 .0 7
2 0 .5 0  J  0 . 0 7
2 0 . 5 0  1 0 .0 7
2 9 .8 0  J 0 .0 7
2 9 .8 0  x 0 .0 7
2 9 .8 0  J 0 . 0 7
2 9 .8 0  -  0 .0 7
(°K) 
3 .3 5 6
- 1
3 .4 0 7
3 .4 0 7
3 .4 0 7
3 .4 0 7
3 .3 0 2
3 .3 0 2
3 .3 0 2  
3 -302
1 0 ~ 3 .k
2 - 2  - 1  1 . m ole s e c .
4 .3 8
4 .3 2
4 .0 0
4 .2 6
iean 10”^ .k
_ 2 - 2  -11 . m ole s e c .
1 1 .8 0
1 1 .8 7
11.98
11.76
7.01
4 .2 4  -  0 .0 8
1 1 .8 5  -  0 .0 5
S = from T ab le  5
- I l l
The P r e c is io n  o f  th e  V a lu es o f  k
The sta n d a rd  e r r o r  (S .E .)  was c a lc u la t e d  fo r  th e  v a lu e s  
o f  k from th e  e q u a tio n  [1 0 8 ]?
v/here r ,  th e  r e s id u a l?  i s  th e  d i f f e r e n c e  b etw een  th e  o b serv ed  
v a lu e  o f  k and i t s  mean v a lu e ,  and n i s  th e  number o f  d e te r ­
m in a t io n s .
The sta n d a rd  e r r o r  o f  th e  d e te r m in a tio n s  i s  o f  th e  o rd er  
o f  1 %  ( s e e  T a b le s  4  -  1 0 ) .
112
F IG .9
c i r c l e s  r e f e r  to .N a C l.  
t r i a n g l e s  r e f e r  to  NagSO^
  r e f e r  to  NaOH.
:-------— r e f e r  to  P o ly m er ic  A lk a l i
8 . 0'
6 . 0
1 0 5 . Cone, o f  added s a l t  ( g . e q u i v . l “ ;}
/•
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F IG .10
c a l l .m o le  sec
P o ly m er ic  A l k a l i -  2 0 ,0 7 0
1 6 ,7 0 0NaOH
8 . 0
7 .0
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D e r iv a t io n  o f  th e  A c t iv a t io n  P aram eters
The a c t iv a t io n  param eters w ere d e r iv e d  from th e  d a ta
in  T a b le s  9 and 10 b y  means o f  A rrh en iu s p lo t s  [109J o f  l o g  k
©
a g a in s t  T 1 ; s e e  F i g . 1 0 .
The A rrh en iu s a c t iv a t io n  en e rg y , E, fo r  each r e a c t io n  
was e v a lu a te d  from th e  g r a d ie n t  o f  th e  a p p ro p r ia te  s t r a ig h t  
l i n e  b y  th e  r e la t io n s h ip  :
E = -R x g r a d ie n t ,
-1 -1where R i s  th e  u n iv e r s a l  gas c o n s ta n t , 1 .9 8 7  c a l .d e g .  m ole 
[IX )]. The p r e -e x p o n e n t ia l  A rrh en iu s f a c to r  A was th en  o b ta in ed  
by th e  s u b s t i t u t io n  o f  th e  a p p ro p r ia te  v a lu e  o f  E in  th e  
eq u a tio n
lOg^A = 10gQk +
lo g 0k and T-*1 b e in g  o b ta in ed  from th e  o r d in a te  and a b s c i s s a ,  
r e s p e c t i v e l y ,  o f  any c o n v e n ien t p o in t  on the A rrh en iu s p lo t  
( a c t u a l ly  a t  lO^.T 1 = 3 .3 5 6 ) •
The e n tr o p y  o f  a c t iv a t io n  a t  298°K, A  Sggg? was ev a lu a ted  
from th e  e q u a tio n
A  "D T y'./T-  l 0 g e eKT
The d e r iv a t io n  o f  th e  e x p r e s s io n s  i s  g iv e n  in  A ppendix  
T ab le  12 on page 160 g iv e s  th e  v a lu e s  o b ta in e d  fo r  th e  
a c t iv a t io n  p a ra m eters .
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D I S C U S S I O N
C h lo ro m eth y la tio n  h as b een  a ch iev ed  w ith  a w ide range c f  
arom atic  hydrocarbons by  th e  a p p l ic a t io n  o f  th r e e  main pro­
c e d u r e s . In  th e  f i r s t ,  a m ix tu re  o f  form aldehyde (a s  fo r m a lin  
or p araform ald eh yde) and hydrogen c h lo r id e  (o r  c o n c e n tr a te d  
h y d r o c h lo r ic  a c id )  i s  u se d , w h ile  fo r  th e  secon d  t h i s  m ix tu re  
i s  r e p la c e d  by  d im eth y l (o r  d ie t h y l )  form al and h yd roch lor ic -  
a c id .  The t h ir d  method in v o lv e s  th e  u se  o f  ch lo ro m eth y l m eth y l 
e th e r  or sy m -d ic h lo r o d im eth y l e th e r  a s th e  c h lo r o m e th y la t in g  
a g e n t .
C erta in  compounds, in c lu d in g  th e  F r ie d e l - C r a f t s  c a ta ly s t s ?  
have proved  u s e f u l  in  in c r e a s in g  th e  r a te s  o f  some o f  th e  s lo w e r  
r e a c t io n s .  Z inc c h lo r id e  has b een  w id e ly  u sed  f o r  t h i s  purpose  
[111] and s ta n n ic  c h lo r id e  has som etim es proved  more e f f e c t i v e  
w ith  th e  more u n r e a c t iv e  compounds [112]» G la c ia l  a c e t i c  a c id  
[ 1 1 3 ] and c o n c e n tr a te d  su lp h u r ic  a c id  [llij] have a l s o  b een  u sed , 
as have m ix tu res  o f g l a c i a l  a c e t ic  a c id  and syrupy p h osp h or ic  
a o id  [1 1 5 ] .
The main s id e  r e a c t io n  o c c u r r in g  d u rin g  c h lo r o m e th y la t io n  
in v o lv e s  th e  r e a c t io n  o f  th e  c h lo ro m e th y la ted  product w ith  
a n u n -c h lo r o m e th y la te d  arom atic  n u c le u s , to  y i e l d  th e  d ia r y l -  
methane compound, e . g .
T h is  o ccu rs more r e a d i ly  w ith  more e a s i l y  s u b s t i t u t e d  arom atic  
system s? su ch  a s p h en ols?  and som etim es th e  d ia ry lm eth a n e  
b yp rod uct p rep on d erates?  making th e  i s o l a t i o n  o f  th e  c h lo r o ­
m eth yl a te d  prod u ct v e ry  d i f f i c u l t  [ 116] •
As i s  to  be e x p e c ted  from th e  r e a c t i v i t y  o f  m onoalkyl 
s u b s t i t u t e d  benzene compounds? th e  arom atic  n u c le i  o f  p o ly ­
s ty r e n e  m acrom olecu les can be c h lo r o m e th y la te d  q u ite  r e a d ily *  
If?  however? d iary lm eth an e fo rm a tio n  occurs?  i t  c o n s t i t u t e s  
a s e r io u s  o b s t a c le  to  th e  a tta in m en t o f  h ig h  d e g r ee s  o f  
ch lo ro m e th y la tio n ?  s in c e  th e  c r o s s  l in k a g e s  so  produced :
ren d er  th e  polym er in s o lu b le  b e fo r e  s u b s t i t u t io n  has p ro g ressed  
v e ry  f a r .
J o n es [117] o b ta in e d  s o lu b le  p ro d u cts  c o n ta in in g
u se  o f  anhydrous z in c  c h lo r id e  as c a ta ly s t?  and a la r g e  
e x c e s s  o f  ch lo ro m eth y l m eth y l e th er?  w hich a ls o  se rv e d  a s  
a s o lv e n t  f o r  th e  p o ly s ty r e n e  and i t s  ch lo ro m eth y l d e r iv a t iv e .
-Ih HOI
m oderate p r o p o r tio n s  o f  c h lo r o m e th y la te d  s ty r e n e  u n i t s  b y  th e
In  th e  p resen ce  o f  t h i s  e x c e s s  o f  ch lo ro m eth y l m eth y l e th er?  th e  
c h lo r o m e th y la t io n  o f  an u n rea c ted  p h en y l group in  th e  p o ly ­
s ty r e n e  was favou red  r e l a t i v e l y  to  th e  c r o s s - l in k in g  step ?  th u s  
d e la y in g  th e  i n s o l u b i l i s a t i o n  o f  th e  p r o d u ct. As th e  d egree  o f  
c h lo r o m e th y la t io n  in crea sed ?  th e  ten d en cy  f o r  c r o s s - l in k in g  to  
occu r became more pronounced? so  th a t  th e  produ ct was e v e n tu a l ly  
ren d ered  in s o lu b le ?  c a u s in g  the g e la t io n  o f  th e  m ix tu r e . The 
a d d it io n  o f  aqueous l? lj.-d ioxan  stop p ed  th e  r e a c t io n  b e fo r e  th e  
o n se t  o f  g e la t io n  [ 117] *
In  th e  p r e s e n t  method o f  p rep a r in g  c h lo r o m e th y la te d  p o ly ­
s ty r e n e  th e  p r o p o r tio n  o f  z in c  c h lo r id e  u sed  (3  m o les per mono­
m ole o f  p o ly s ty r e n e )  was la r g e r ?  and th e  tem p eratu re  was lower?  
th a n  in  th e  method u sed  b y  Jon es [1 1 7 ]•  The c h lo r in e  c o n ten t  
o f  th e  p rodu ct (23*52$) corresp on d s c l o s e l y  to  th a t  f o r  com p lete  
mono c h i  crom ethylat io n  o f  th e  p o ly s ty r e n e  (23«23$)*  The r e a d i­
n e s s  w ith  w h ich  th e  prod u ct d is s o lv e d  and i t s  low  i n t r i n s i c  
v i s c o s i t y  in d ic a t e  th a t  th e  d eg ree  o f  c r o s s - l in k in g  r e s u l t in g  
from th e  method u sed  was v e ry  low*
I t  i s  th ou gh t th a t  th e  c h lo r o m e th y la te d  p o ly s ty r e n e  i s  
a lm ost c o m p le te ly  m onoch lorom eth y lated  and c o n ta in s  a h ig h  
p r o p o r tio n  o f  p -c h lo r o m e th y l groups to g e th e r  w ith  sm a lle r  amount 
o f  o- and m -iso m ers. T h is  i s  su p p orted  by th e  o b s e r v a t io n  
th a t  d e p o ly m e r isa t io n  '‘f  c h lo ro m e th y la ted  p o ly s ty r e n e  by  dry
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d i s t i l l a t i o n  y ie ld e d  m a in ly  p -c h lo r o m e th y ls ty r e n e  [ 118J •
C h lorom eth y la ted  p o ly s ty r e n e  can -undergo th e  M enschutkin  
r e a c t io n  w ith  t e r t i a r y  am ines to  y i e l d  w a te r - s o lu b le  p o lym eric  
q u atern ary  ammonium c h lo r id e s  [11.7 , 11.9 ] :
The r e a c t io n  i s  o f  th e  second  order* and th e  r a te  i s  
in d ep en d en t o f  th e  d egree  o f  p o ly m e r is a t io n  [119] .  In  common 
w ith  th e  g e n e r a l "behaviour o f  th e  M enschutkin r e a c t io n ,  th e  
r a te  i s  h ig h e r  in  s o lv e n t s  w ith  h ig h e r  d i e l e c t r i c  c o n s t a n t s [ l l9 ]  • 
Aqueous s o lu t io n s  o f  th e  prod u ct prepared  w ith  t r i e t h y l -  
amine have "been found  to  e x h ib i t  a v a r ia t io n  o f  th e  v i s c o s i t y  
number w ith  c o n c e n tr a t io n , a t  c o n c e n tr a t io n s  o f  l e s s  than  
1*0 g , d l w h i c h  i s  t y p ic a l  o f . p o l y e l e c t r o l y t e s  [H7]> th u s  
in d ic a t in g  t h a t ,  f o r  low  c o n c e n tr a t io n s , th e  p o ly - c a t io n  expands 
as th e  s o lu t io n  i s  d i lu t e d  ( s e e  p . 29) •
A ten d en cy  f o r  th e  q u a te r n is a t io n  o f  th e  c h lo r o m e th y la te d  
p o ly s ty r e n e  to  be accom panied b y  c r o s s - l in k in g  has b een  o b serv ed  
[ 117?119]5 in  th e  p r e se n t  c o n v e r s io n  w ith  tr ie th y la m in e  no
/
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in d ic a t io n  o f  su ch  a s id e  r e a c t io n  was fo u n d .
The p rod u ct was a w ater s o lu b le ,  h y g r o sc o p ic , c o lo u r le s s  
powder w ith  a c h lo r id e  io n  c o n te n t corresp o n d in g  to  a 90*1$  
c o n v e r s io n  o f  ch lo ro m eth y l groups in to  q u atern ary  ammonium 
g r o u p s•
Ammonium H ydroxide
Modern s t r o n g ly  a c id ic  and b a s i c  io n  exchange r e s in s  are  
c r o s s - l in k e d  polym ers b e a r in g  s tr o n g ly  d i s s o c ia t e d  a c id ic  and 
b a s ic  groups r e s p e c t i v e l y .  In  an aqueous s o lu t io n  th e s e  r e s in s  
become perm eated by th e  w a ter , and th e  io n is e d  polym er c h a in s  
a t t a in  a s t a t e  c l o s e l y  rese m b lin g  th a t  o f  a f r e e  p o ly e le c t r o ­
l y t e  in  s o lu t io n ,  w ith  th e  im portant d i f f e r e n c e  th a t  th e y  are  
c o n s tr a in e d  to  rem ain in  th e  r e s in  netw ork by  th e  f l e x i b l e  
c r o s s - l in k a g e s .
The r e s in s  are c o n s id e r e d  to  g iv e  r i s e  to  two r e g io n s  in  
an aqueous medium. The f i r s t  e x i s t s  w ith in  th e  charged  p o ly ­
m eric  netw ork and i s  e q u iv a le n t  to  a c o n c e n tr a te d  s o lu t io n ,  
a p p ro x im a te ly  1 to  ION [120], o f  th e  c o n s tr a in e d  p o ly io n s .  The 
second  r e g io n  i s  th e  r e s t  o f  th e  aqueous medium, w hich i s  
a c c e s s ib le  t o  th e  s im p le  io n s  in  th e  sy stem , b u t n o t to  th e  
io n ic  groups f ix e d  on th e  r e s i n .  The s im p le  io n s  a re  a ls o  
a b le  to  e n te r  th e  f i r s t  r e g io n . Such a system  le n d s  i t s e l f  
r e a d i ly  to  trea tm en t by th e  Donnan membrane th e o r y  [l2 ]] s in c e  
th e  two r e g io n s  may be c o n s id e r e d  to  be se p a r a te d  by a membrane, 
prem eable to  s im p le  io n s  b u t through  w h ich  th e  p o lym eric  io n s  
are u n a b le  to  d i f f u s e .  C o n d itio n s  o f  e l e c t r o n e u t r a l i t y  must 
a p p ly  on b o th  s id e s  o f  th e  membrane, so  th a t  th e  f i r s t  r e g io n
w i l l  c o n ta in  a h ig h  c o n c e n tr a t io n  o f  th e  c o u n te r io n s  to  b a la n c e  
th e  ch a rg es  in  th e  polym er network* I f  a s im p le  e l e c t r o l y t e  i s  
p r e se n t  in  th e  secon d  r e g io n  th e  c o u n te r io n s  can he in te r c h a n g e d  
by d i f f u s io n  th rough  th e  ’ membrane1. A lso*  th e  s im p le  io n s  
w ith  a charge o f  th e  same s ig n  a s  th a t  o f  th e  f i x e d  ch a rg es  on 
th e  r e s in  (b y - io n s )  can a l s o  e n te r  th e  f i r s t  r e g io n , accom panied  
by an e q u iv a le n t  amount o f  th e  c o u n te r io n s .
I f  an a n io n  exchange r e s in  c o n ta in in g  th e  a n io n  X i s  
exposed  in  an aqueous s o lu t io n  to  a la r g e  e x c e s s  o f  e l e c t r o l y t e  
c o n ta in in g  an ion  Y, in  su ch  a manner th a t  any X d i f f u s in g  from  
th e  r e s in  r e g io n  i s  removed ( e . g .  by co n tin u o u s f lo w  down a 
co lu m n ), th e n  in  g e n e r a l th e  r e s in  can be c o m p le te ly  c o n v erted  
to  i t s  Y -form , even  though i t  may p o s s e s s  a g r e a te r  a f f i n i t y  
fo r  X* C o n v e r se ly , i f  an e l e c t r o l y t e  s o lu t io n  c o n ta in in g  X as  
th e  o n ly  a n io n  i s  p a sse d  through  an e x c e s s  o f  r e s in  in  i t s  Y -form , 
i t  i s  p o s s ib le  to  o b ta in , as i s s u in g  s o lu t io n ,  e l e c t r o l y t e  w ith  
Y a s th e  o n ly  a n io n .
y
The s e l e c t i v i t y  c o e f f i c i e n t  (K£) o f  an io n  exchange r e s in ,  
which a p p l ie s  to  a system  when i t  i s  in  e q u ilib r iu m , i s  d e f in e d  
by :
ky  = fYllXJ
X [X ][Y ]
where X and Y are  two u n iv a le n t  c o u n te r io n s  and [ ] r e f e r s  to
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th e  c o n c e n tr a t io n  o f  th e  c o u n te r io n s  in  th e  r e s in  r e g io n  and 
[ ] to  th e  c o n c e n tr a t io n  o f  th e  c o u n te r io n s  in  th e  e x te r n a l  
aqueous reg io n *
In  th e  p r e se n t  i n v e s t ig a t io n  i t  was found p o s s ib le  to  
c o n v e r t p o ly (v in y lb e n z y ltr ie th y la m m o n iu m  c h lo r id e )  c o m p le te ly  
in to  i t s  h y d ro x id e  in  aqueous s o lu t io n  by th e  u se  o f  a column
'i
f i l l e d  w ith  th e  s t r o n g ly  b a s ic  a n io n  exchange r e s i n  A m b er lite  
IRA.-l4.Ol in  i t s  h yd rox id e  form . Jon es [117] and M orley [ 65] 
u s in g  s im i la r  p roced u res o b ta in ed  9 6 %  and 9 8 *5% c o n v e r s io n s  o f  
a p o ly m eric  q u aternary  ammonium c h lo r id e  in t o  i t s  h y d ro x id e , 
r e s p e c t i v e l y .
A nion exchange r e s in s  o f  th e  same typ e  as A m b er lite  
IRA-I4.OI e x h ib i t  a g r e a te r  a f f i n i t y  fo r  c h lo r id e  io n s  than  fo r
r\TT~
h yd roxy l io n s ,  th e  v a lu e  o f  Kq- -^ b e in g  about 0 .0 9  [122]. Thus 
th e  c o n v e r s io n  o f  a c h lo r id e  s o lu t io n  in to  a h y d ro x id e  s o lu t io n  
by th e  u se  o f  th e  r e s i n  in  i t s  h yd rox id e  form i s  fa v o u r e d .
T h is s e l e c t i v i t y  w ould accou n t fo r  th e  la r g e  p r o p o r tio n  o f  
sodium h yd rox id e  s o lu t io n  th a t  was r e q u ir e d  to  c o n v e r t the  
r e s in s  from i t s  c h lo r id e  to  i t s  h yd rox id e  form .
P o ly io n  m acrom olecu les in  s o lu t io n  can be c o n s id e r e d  to  
occupy r e g io n s  ( s e e  p .  2 8 ) in  w hich t h e ir  c o u n te r io n s  become 
c o n c e n tr a te d  by th e  same Donnan-membrane e f f e c t  as th a t  w hich  
o p e r a te s  f o r  io n  exchange r e s i n s .  The a n io n  exchange r e s i n
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and th e  p o ly - c a t io n  w ould th e r e fo r e  com pete fo r  a n io n s .
The r e s in  sh o u ld  e x e r t  a s tr o n g e r  a f f i n i t y  fo r  a n io n s th an  th e  
p o ly - c a t io n ,  due to  th e  g r e a te r  d e n s i ty  o f  charge in  th e  
c r o s s - l in k e d  netw ork o f  th e  form er. A lth o u g h  in  t h i s  work 
th e r e  was no d e te c t a b le  c h lo r id e  io n  c o n c e n tr a t io n  in  th e  
p o ly m er ic  h yd rox id e  o b ta in e d , i t  w ould be p o s s ib le  to  e x p la in  
th e  sm a ll r e s id u a l  c h lo r id e  io n  c o n c e n tr a t io n s  in  th e  p o ly m eric  
h y d r o x id e s , o b ta in ed  by  M orley [ 6 5 ] and J o n es [117] ,  "by 
c o m p e t it iv e  e f f e c t  o f  th e  p o ly - c a t io n s .
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G ly o x a l v/as f i r s t  d is c o v e r e d  "by Debus in  1856 among th e  
o x id a t io n  p ro d u cts  o f  e th a n o l [123]* The vapour o f  monomeric 
g ly o x a l  has a g r e e n is h  y e llo w  c o lo u r , t y p ic a l  o f  a -d ic a r b o n y l  
compounds and a pungent odour* Monomeric g ly o x a l  (y/hich m e lts  
a t  15° to  a y e llo w  l iq u id )  r e a d i ly  form s a p o lym er, p o ly g ly o x a l ,  
from w h ich  th e  monomer can he r e g e n e r a te d  by d i s t i l l a t i o n ,  
e i t h e r  a lo n e  or in  the p r e se n c e  o f  phosphorus p e n to x id e  [121+] * 
G ly o x a l vapour has a p la n a r  m o lec u le  w ith  th e  carb on y l groups  
tr a n s  to  each  o th e r  [125] •
G lyoxa l r e a d i ly  form s h y d ra tes*  An aqueous s o lu t io n  i s  
c o lo u r le s s  in d ic a t in g  th a t  th e  g ly o x a l  i s  p r e se n t  a s a h yd ra te  
CH0.CH(0H)2 or CK(0H)2 *CH(0H)2 * The fo rm a tio n  o f  the mono­
h yd ra te  ( I )  i s  a n a lagou s to  th e  fo rm a tio n  o f  c h lo r a l  h y d ra te  ( I I )
C l OH
C 1-— C -  C^- H\
Cl OH
( I I )
The - I  e f f e c t  o f  one o f th e  carb on y l grou p s, a lth o u g h  n o t  as 
la r g e  as th e  - I  e f f e c t  o f  th e  th r e e  c h lo r in e  atom s, must be 
s u f f i c i e n t  to  s t a b i l i s e  th e  monohydrate* The d ih y d r a te  form a­
t io n  can b e  e x p la in e d  b y  th e  two h y d ro x y l groups o f  th e
H
ij
0 = C -
.OH 
C '-  H
X
X OH
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m onohydrate e x e r c i s in g  an a p p r e c ia b le  combined - I  e f f e c t .
T h is e f f e c t  w ould h e lp  to  s t a b i l i s e  th e  a d d it io n  product o f  
th e  m onohydrate and w ater ( i . e .  th e  d ih y d r a te ) .
A p ro ton  m agn etic  reso n a n ce  spectrum  o f  g ly o x a l  mono­
h y d ra te  in  deuterium  o x id e  s o lu t io n  d id  n o t show any peaks  
co rresp o n d in g  to  a ld e h y d ic  p ro ton s ( s e e  p * 8 2 )j c o n se q u e n tly  
i t  can be assum ed th a t  th e  m ajor p o r t io n  o f  th e  g ly o x a l  in  
s o lu t io n  i s  p r e se n t  as th e  d ih y d r a te  or p o s s ib ly  in  a p o ly m eric  
form . In  v iew  o f  th e  o b s e r v a t io n  o f  H a r r ie s  and Temme [ 1 2 6 ] ,  
from c r y o sc o p ic  m easurem ents, th a t  g ly o x a l  was u n im o le cu la r  
in  aqueous s o lu t io n ,  th e  form er seems more l i k e l y .  T h is  deduc­
t io n  i s  su p p orted  by th e  f a c t  th a t  aqueous s o lu t io n s  o f  g ly o x a l  
r e a d i ly  form d e r iv a t iv e s  o f  monomeric g ly o x a l  w ith  s u i t a b le  
r e a g e n ts .
I t  app ears a d v is a b le  to  rev iew  b r i e f l y  th e  polym ers o f  
g ly o x a l .  H a r r ie s  n o ted  th a t  t r a c e  amounts o f  w ater  a c c e le r a t e  
p o ly m e r isa t io n  when added to  monomeric g ly o x a l  [127]. H a rr ie s  
and Temme [126] a ls o  o b ta in ed  a ,ftr im e r ic  g ly o x a l"  by warming 
cinnam aldehyde o zo n id e  w ith  w ater  a t 6 0 -7 0 ° , th e  product r e a d i ly  
d is s o lv e d  in  w ater  and th e  tr im e r ic  g ly o x a l  was o b ta in e d  by  
e v a p o r a tin g  th e  aqueous s o lu t io n  a t  2 5 -3 0 °  a f t e r  rem oval o f  
b en za ld eh y d e , b e n z o ic  a c id ,  e t c .  I t  i s  m o d if ie d  a t  tem pera­
tu r e s  above 30° t o  p o ly g lo x a l .  Aqueous or a lc o h o l i c  s o lu t io n s
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o f  ”tr im e r ic  g ly o x a l” n o rm a lly  y i e l d  d e r iv a t iv e s  o f  m onom olecular  
g ly o x a l .  R au dn itz  [128] prepared  th e  d ih e n z y lid e n e  and d i -  
is o p r o p y lid e h e  d e r iv a t iv e s  o f  ”tr im e r ic  g ly o x a l” hy r e a c t io n  
o f  g ly o x a l  s u lp h a te  w ith  b en za ld eh yd e  and a c e to n e , r e s p e c t i v e l y 9 
in  th e  p r e sen ce  of* e . g .  su lp h u r ic  a c id .  Prom t h i s  work he 
su g g e s te d  th a t  ”tr im e r ic  g ly o x a l” c o u ld  he c o n s id e r e d  a s 2 *3 ,6 ,7*  
te tr a h y d r o x y -l,!* ., 5 ,8 * -te tr a o x a d e ca h y d r o n a p th a len e  ( I I I )
OH no • 0 0 .....-OH
HO- i — o r - o
■ m
i V - /
i /  \
 0 • 0 ....1 OH
H H H
( I I I )  (IV)
Gort [129I s u g g e s te d  th a t  9 5 f , - t e t r a h y d r o x y b is - l ,3 - d io x o la n -
2 - y l  (IV ) was a p o s s ib le  a l t e r n a t iv e  s t r u c t u r e .
However* th e  c r y o sc o p ic  and P.M .R. e v id e n c e  above le a d s  
to  th e  c o n c lu s io n  th a t  in  an aqueous s o lu t io n  o f  g ly o x a l  th e r e  
i s  e s s e n t i a l l y  a monomeric form p r e s e n t , probab ly  th e  d ih y d r a te .  
There i s  no e v id e n c e  o f  a p p r e c ia b le  p r o p o r tio n s  o f  a polym er in  
d i lu t e  aqueous s o lu t io n ;  i f  any i s  p r e se n t  i t  i s  in f e r r e d  th a t  
d e p o ly m e r isa t io n  i s  f a c i l e .
As w i l l  be s e e n  l a t e r  (p.lZjlj.) th e  proposed  mechanism i s
a p p l ic a b le  w hether th e  monomeric r e a c t in g  s p e c ie s  i s  m onohydrated, 
d ih y d r a ted  or th e  unhydrated  g ly o x a l  m o le c u le .
The g ly o x a l  u sed  in  th e  p r e se n t  i n v e s t ig a t io n s  was 
9g ly o x a l  m onohydrate9 (B .D .H . 9a p p ro x im a te ly  (CHO^H^O9) .  De­
te r m in a tio n  o f  the g ly o x a l  p r e se n t  in  t h i s  su b s ta n c e  in d ic a te d  
th a t  7 2 .1 9 %  o f  th e  9g ly o x a l  m onohydrate9 was g ly o x a l  ((CHOjgHgO 
r e q u ir e s  76.11% g ly o x a l ) .  The b is -2 * If.-d in itro p h e n y lh y d r a zo n e  
o f  g ly o x a l  was prepared  from an aqueous s o lu t io n  o f  th e  9mono­
h y d r a te 9 ( s e e  p . 80 ) ;  th e  crude p rod u ct had a m .p .3250 w hich  
c l o s e l y  corresp on d s to  th e  l i t e r a t u r e  v a lu e  o f  330° [ 9 8 ] ;  i t
was th e n  r e c r y s t a l l i s e d  t o  a c o n sta n t  m .p . o f  3 2 8 ° .
Thin la y e r  chrom atography o f  th e  crude b is -2 * ip - d in i t r o -  
ph en ylhyd razone ( s e e  p.80 ) in d ic a te d  th e  p resen ce  o f  o n ly  one 
ca rb o n y l compound d e r iv a t iv e .
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The R e a c tio n  Mechanism
Salom aa [ 13 ]^ c a r r ie d  out an e x te n s iv e  i n v e s t ig a t io n  o f  
th e  k i n e t i c s  o f  th e  C annizzaro r e a c t io n  o f  g l y o x a l <t
CHO.CHO + HO9 ------ ? CHgOH.COO9 . . .  (A)
Ariyama [13D] in  an e a r l i e r  in v e s t ig a t io n  found th a t  th e  r a te  o f  
th e  r e a c t io n  in c r e a s e s  more r a p id ly  than  th e  h y d ro x y l io n  con­
c e n tr a t io n  o f  th e  s o lu t io n ,,
Salom aa?s in v e s t ig a t io n  e lu c id a te d  d i f f e r e n c e s  in  th e  
r e a c t io n  mechanism from th e m echanism s o f  m onoaldehyde r e a c t io n ;  
t h i s  was e x p e c te d  as th e  r e a c t io n  in v o lv e s  fo r m a lly  o n ly  two 
r e a c t in g  m o le c u le s? a s  th e  two carb on y l groups are combined in  
g ly o x a l?  w hereas w ith  m onoaldehydes th r e e  r e a c t in g  m o le c u le s  
p a r t i c ip a t e .
The p r o g r e ss  o f  r e a c t io n  (A) was fo l lo w e d  by d e term in in g  
b o th  th e  h y d ro x y l io n  c o n c e n tr a t io n  and g ly o x a l  c o n c e n tr a t io n  
rem ain ing in  th e  s o l u t i o n ,  u s in g  Salom aa’s m ethods, a t  d i f f e r e n t  
tim es as d e sc r ib e d  in  th e  E xp erim en ta l S e c t io n  ( p .7 6 ) .  A lso?  
th e  r e a c t io n  (A) was fo l lo w e d  b y  th e  h ig h  fre q u en cy  o s c i l l a t o r  
method ( p . 87 ) ;  t h i s  r e a c t io n  h a s , under t y p ic a l  c o n d it io n s  
w ith  th e  p o lym eric  a l k a l i ,  a h a l f  l i f e  o f  19 se c o n d s , making 
th e  l a t t e r  tech n iq u e  com pulsory? and i t  was a ls o  more c o n v e n ien t  
fo r  th e  r e a c t io n s  w ith  sodium h y d ro x id e , h a v in g  a h a l f  l i f e  o f
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a p p ro x im a te ly  5 m in u te s . The r e s u l t s  from th e se  m ethods, f o r  
th e  r e a c t io n  w ith  sodium h y d ro x id e , were in  good agreem ent 
(T able 4 p .1 0 4 ) .
The p r e p a r a tio n  o f  th e  p-brom ophenacyl e s t e r  o f  th e  
r e a c t io n  p rod u ct (p .8 0 )  in  good y i e l d  and com parison o f  i t  
w ith  th e  p-brom ophenacyl e s t e r  o f  g l y c o l l i c  a c id  confirm ed  th a t  
th e  g l y c o l l a t e  an ion  i s  th e  r e a c t io n  p ro d u ct.
The s p e c i f i c  r a te s  were c a lc u la t e d  from th e  in t e g r a te d  
form (2 ) o f  th e  d i f f e r e n t i a l  eq u a tio n  (1 )
d t = k (a  -  x ) ( b  -  x) . . .  ( l )
k t ( a  -  b)
r
7 ~ = ----   -  ~  “ r  ^  .y r - lO g - f e  - ...- (• . . .  (2 )(b -  x) b (a  -  b ) a (b  -  x ; v 1
where a and b are  th e  i n i t i a l  c o n c e n tr a t io n s  o f  g ly o x a l  and 
h y d ro x y l io n  r e s p e c t i v e l y ,  x i s  th e  c o n c e n tr a t io n  o f  g ly o x a l  
w hich has r e a c te d  a t  a tim e t  se c o n d s , and k i s  th e  s p e c i f i c  
r a te  c o n s ta n t .  (F u rth er  d e t a i l s  o f  th e  d e r iv a t io n  and a p p lic a ­
t i o n  o f  th e s e  e q u a tio n s  are  g iv e n  in  A ppendix 2 (p * l6 5 ) and
p . 166 r e s p e c t i v e l y  •
The r e s u l t s  o b ta in e d  f o r  th e  r e a c t io n s  in v o lv in g  th e  
th r ee  a l k a l i e s ,  sodium h y d ro x id e , b en zy ltr ieth y lam m on iu m  
h y d ro x id e , and p o ly (v in y lb e n z y ltr ie th y la m m o n iu m  hyd roxid e), a g ree  
w ith  Salom aaTs f in d in g s  th a t  th e  r a te  o f  r e a c t io n  (A) i s
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p r o p o r t io n a l to  the f i r s t  power o f  g ly o x a l  c o n c e n tr a t io n  and 
to  th e  sq uare o f  th e  h y d ro x y l io n  c o n c e n tr a t io n .
The s lo p e s  o f  th e  s t r a ig h t  l i n e s  o b ta in ed  gave th e  v a lu e s  o f  
th e  s p e c i f i c  r a te  c o n s ta n ts  ( k ) .
Salom aa determ in ed  th e  order o f  th e  r e a c t io n  by u s in g  
v a r io u s  i n i t i a l  c o n c e n tr a t io n s  o f  th e  r e a c ta n t s .  The v a lu e s  
he o b ta in e d  f o r  th e  s p e c i f i c  r a t e  c o n sta n t  (k ) were n e a r ly  th e  
sam e. The v e r y  s l i g h t  in c r e a s e  in  th e  v a lu e s  w ith  in c r e a s in g  
h y d ro x y l io n  c o n c e n tr a t io n  was a t t r ib u t e d  to  th e  h e a t  o f  r e a c t io n  
w hich would e f f e c t  a sm a ll in c r e a s e  in  th e  tem p eratu re  o f  the  
r e a c t io n  s o lu t io n ,  b u t t h i s  sou rce  o f  e rr o r  was e lim in a te d  
when r e l a t i v e l y  low a l k a l i  c o n c e n tr a t io n s  were u se d , b e c a u se  
in  t h i s  c a se  th e  r e a c t io n  i s  s lo w er  and th e  tem p eratu re  cou ld  
be k ep t c o n sta n t  d u rin g  th e  r e a c t io n .
by Salom aa and th o s e  from  th e  p r e se n t  in v e s t i g a t io n ,  f o r  th e  
C annizzaro r e a c t io n  o f  g ly o x a l  e f f e c t e d  by  sodium  h y d ro x id e .
A l l  th r e e  a l k a l i e s  gave good s t r a ig h t  l i n e s  f o r  p lo t s  o f
o  o
t  ( i n  seco n d s) as a b s c is s a  and th e  e x p r e s s io n  ( in  1 .  mole"" ):
T ab le 11 g iv e s  a com parison o f  th e  r e s u l t s  o b ta in ed
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TABLE 11
T h is Work
S p e c i f i c  R ate  
I C on stan t k 2 - 2  - 1  1 .  m ole s e c .
1 .6  x 10|
! . . . . . . . . . . . . . . . . 298 L   . . . . . . . . . . . . .
jA c t iv a t io n  Energy E j 18, 200 c a l . /m o le
! . 1  » _    _
     "... 15
! 2 .6  x 10 ‘
2 - 2  - 1  1 . m ole s e c .
F req u en cy  F a c to r  A
lA c tiv a t io n  E n tropy
3 . 3  x  10-
2 - 2  - 1  1 .  m ole s e c .
j 1 6 ,7 0 0  c a l . /m o le
I I + . 6  x  1 0 ^
2 - 2  - 1  1 . m ole s e c .
3 7 .9  cal.degT ^ m ole"^ - 1  -1* 3U*0 c a l .d e g .  mcQe j
298
The o n ly  o th e r  r e s u l t  found in  th e  l i t e r a t u r e  [lib ] was 
a v a lu e  o f  th e  tim e r e q u ir e d  fo r  a m ix tu re  o f  g ly o x a l  (0.005M ) 
and sodium  h yd rox id e  (0.005M ) to  d e v e lo p  0 .5  e q u iv a le n t s  o f
a c i d i t y  per m ole (t^   ^ = 305 seco n d s) a t  2 5 °•  T h is  g iv e s  a
,2 , 2  , - 2
V I I  " V  I I
“298v a lu e  o f  th e  s p e c i f i c  r a te  c o n s ta n t  kn^Q = 2 .0  x 10 l .m o le  s e c .
The v a lu e  o b ta in e d  f o r  th e  r a te  c o n s ta n t  o f  r e a c t io n  w ith  sodium  
h y d ro x id e  i s  somewhat h ig h e r  than  th a t  r e p o r te d  by Salom aa,
-"298
2 2 —2 —1 = 1 .6  x 10 1 .  m ole s e c .  and b y  Omeara and R ic h a r d s ,
k298 = x  l .^ m o le ~ 2 s e c . ” 1 I t  seemed p o s s ib le  th a t  
th e  d i f f e r e n c e  m ight have a r is e n  from th e  c o n d u c tim e tr ic
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measurement m ethod, “but a d o p tio n  o f  Salomaa* s proced u re ( s e e  
p .06) gave a v a lu e  o f  k n e a r ly  i d e n t i c a l  w ith  th a t  o b ta in ed  
c o n d u c t im e tr ic a l ly  (T ab le  4 ) .
The r e a c t io n  i s  c o n s id e r e d  to  tak e p la c e  b y  th e  same 
m e c h a n is t ic  p r o c e s s e s  in  th e  p resen ce  o f  any one o f  th e  th r e e  
a l k a l i e s  used* The e f f e c t s  o f  th e  p o ly m eric  a l k a l i  and i t s  
monomeric a n a lo g u e , b en zy ltr ieth y lam m on iu m  h y d ro x id e , w i l l  be  
d is c u s s e d  in  a l a t e r  s e c t io n *
A lth o u g h  th e  r e a c t io n  i s  o f  th e  t h ir d  ord er i t  i s  h ig h ly  
im probable th a t  an a c tu a l te r m o le c u la r  r e a c t io n  mechanism i s
in v o lv ed *  U sin g  Tommila’ s [131] m ethod a v a lu e  o f  about
10 2 - 2  - 1  2 x 10 1 .  mole s e c .  was o b ta in e d ,b y  Salom aa, f o r  th e  f r e ­
quency o f  a te r n a r y  c o l l i s o n  betw een  two h y d ro x y l io n s  and a 
g ly o x a l  m o lec u le  a t 25°» I f  e v er y  c o l l i s i o n  b etw een  a c t iv a t e d  
m o le c u le s  were to  le a d  to  a r e a c t io n ,  th e  fre q u en cy  f a c t o r  A 
sh o u ld  be o f  t h i s  ord er  o f  m agnitude f o r  a te r m o le c u la r  r e a c t io n ,  
b u t a c t u a l ly  a lo w er  v a lu e  would be  e x p e c ted  s in c e  i t  i s  v ery  
im probable th a t  e v e r y  c o l l i s i o n  b etw een  a c t iv a t e d  m o le c u le s
w i l l  e f f e c t  a r e a c t io n .  The a c tu a l  freq u en cy  f a c t o r  i s  much
10 2 - 2  - 1  h ig h e r  than  2 x  10 1 .  m ole s e c .  . I t  i s ,  th e r e fo r e ,  v e r y
p rob ab le  th a t  th e  r e a c t io n  ta k e s  p la c e  in  s e v e r a l  s u c c e s s iv e
s t e p s .
In  th e  I n tr o d u c t io n , th e  p r e v io u s ly  proposed  m echanism s
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f o r  th e  C an nizzaro  r e a c t io n  o f  a ld eh y d es in  h y d r o x y lic  s o lv e n t s  
a re  rev iew ed .
The m ost a c c e p te d  and c h e m ic a lly  e x p l ic a b le  scheme was 
found to  be th a t  o f  Hammett [3 4 ] ( p . l 6 ) .  The g e n e r a l
p r in c ip le s  o f  Hammett’ s r e a c t io n  scheme can be in c o r p o r a te d  in t o  
a p rop osed  mechanism fo r  th e  r e a c t io n  o f  g ly o x a l .  As s t a t e d  
e a r l i e r  th e  e x a c t  monomeric r e a c t in g  e n t i t y  (u n h yd rated , mono­
h y d ra ted  or d ih y d ra ted ) i s  u n c e r ta in , th e  proposed  r e a c t io n  
mechanism i s  b a s i c a l l y  th e  same f o r  a l l  th r e e  s p e c i e s .  The 
f i r s t  s t e p  (B) in v o lv e s  a r a p id  e q u ilib r iu m  r e a c t io n  betw een  
g ly o x a l  and h y d ro x y l io n  :
° 9
I
CHO.CHO + HO9 = = £  CHO.CH . . .  (Ba)
OH
( la )
09
e v ICHO.CH(OH)2 + HO ^  H20 + HO -  C -  H . . .  (Bt>)
CHO
(la)
09
CH(OH) o .CH(0H) 0 + HO9 Ho0 + HO -  C -  H
 ^  ^ v   ^ ! . . .  (Bo)
H -  C -.OH
OH 
( j c  )
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The n e g a t i v e l y  charged a d d i t io n  product (I '  
an oth er  h y d ro x y l io n  i n  th e  second s t e p  (O' 
r a t e  d e te r m in in g .
o9 o9
i ttA9 q  I
H O - C - H  HOv 0 -  C -  H| h2o + J
H -  C H -  C
1 I
0  0
( l a )  ( I l a )
e OH X '  OH
e f■ Ho0 + H0 -  C -  H
2 i> ft 
H -  0 - 0
i
OH
( I l i a )
0 9 0 9
! a q !
H O - C - H  OH-. „  A B0  -  C -  H| h 2o + ,
H - O - O H  H - C - O H
I I
OH OH
( Ic )  _  ( l i e )
%9 0H 0 ©
HgO + H O - C - H  
H - C - O H
I e  
0H
( I l i a )
th e n  r e a c t s  w i t h  
, Which i s  s lo w  and
. . .  (c)
. . .  (c)
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In  th e  subsequent s t e p s ,  th e  r e a c t i v e  d i v a l e n t  a n io n  ( I I )  
formed i n  r e a c t i o n  (C) r e a c t s  r a p id ly  and i r r e v e r s i b l y  to  y i e l d  
th e  p ro d u ct ,  th e  a n ion  o f  g l y c o l l i c  a c id ,  b u t  t h e s e  s t e p s  do 
n o t a f f e c t  th e  k i n e t i c s  o f  the  r e a c t i o n  and cannot b e  k i n e t i -  
c a l l y  d i s t i n g u i s h e d .  The r e a c t io n s  (B) and (C) are  i n  good  
accord  w ith  th e  o b served  r e a c t i o n  ord er . For the  r a t e  v  o f  
th e  r e a c t i o n  :
v = k'[eHe][CH0.CH(0H)0e ] . . .  ( 3 )
where k* i s  th e  s p e c i f i c  r a te  o f  the  r a te -d e t e r m in in g  s t e p  ( C ) . 
For t h e  e q u i l ib r iu m  (B) :
K _ [CH0.CH(0H)09 ] ^
[CHO.CHO][OHW]
where K d e n o te s  th e  e q u i l ib r iu m  c o n s ta n t .  The r e a c t io n  r a te  
o b ta in e d  from e q u a t io n s  (3) and ( k )  i s  th e  e x p r e s s i o n
v  = k'K[CH0.CH0][0H®]2 . . .  (5 )
which i s  th e  same as found e x p e r im e n ta l ly  i f  th e  t h i r d  order  
s p e c i f i c  r a t e  c o n s ta n t  ( k ) i s  s u b s t i t u t e d  f o r  k ?K.
The r a p id  su bseq u en t r e a c t i o n  s t e p s  which f o l lo w  
r e a c t io n s  (B) and (C) are  d i s c u s s e d  b e lo w . The subsequent  
r e a c t i o n  o f  th e  d ia n io n  formed i n  (C) may ta k e  p la c e  b y  an
in tr a m o le c u la r  h y d r id e  t r a n s f e r  i n  one o f  th r e e  ways :
( I l l )
, o «
s»l
-  c  -  H
-  c  
S*o
( I l a )
3
-  C -  H
' l L  /'"V- cr- ofe
Ii
H
( l i e )
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Salomaa [ l l a ]  proposed  th a t  in te r m e d ia te  ( I I I )  was tran sform ed  
to  g l y c o l l a t e  io n  "by r e a c t io n  (D) • However, i t  seems more 
p ro b a b le  t h a t  in te r m e d ia te  ( I I ) 9 which has a much g r e a t e r  h yd rid e  
io n  * d r iv in g  force*  (by v i r t u e  o f  th e  two n e g a t i v e l y  charged  
groups on one carbon a to m ), w i l l  r ea rra n g e  to  the  product b y  
r e a c t i o n  ( E ) *. U ndoubtedly some o f  th e  in te r m e d ia te  ( I I I )  
would be  formed d u r in g  th e  r e a c t i o n  but th e  e q u i l ib r iu m  betw een  
i t  and in te r m e d ia te  ( i )  would be f a c i l e ,  and as i t  i s  symmetri­
c a l  t h e r e  i s  no apparent r ea so n  why h yd r id e  t r a n s f e r  sh o u ld  
occur*
In  a d d i t io n  t o  r e a c t i o n  (D) Salomaa proposed  th e  t h i r d  
p o s s i b l e  mechanism fo r  th e  r a p id  r e a c t i o n  o f  th e  d ia n io n  pro­
duced by (C): t h i s  an ion  ( I I I )  may f i r s t  r e a c t  w ith  anoth er
g ly o x a l  m o le c u le  a c co r d in g  t o  ( E ) , a f t e r  which t h e  sym m etr ica l  
product formed i s  c o n v e r te d  to  th e  f i n a l  product by  a mechanism  
(G) which i s  e s s e n t i a l l y  s i m i la r  to  th a t  s u g g e s te d  [1 3 2 ]  f o r  
monoaldehydes*
OH H OH OH H
H - C - O ®  C = 0 H - C - O ' - C - C f  H - C - O  -  C-S-
(F) 1 9 + * I ® '9 i IH - C - O  C = 0 H - C - O  C = 0 0 -  C -  0 -  C - E
I ■ ' I ! ! I
OH H OH H ii OH
( I I I )
The a c t i v a t i o n  e n e r g ie s  o f  r e a c t i o n  paths (D) and (E) 
are  p rob ab ly  much low er  than  th a t  o f  (P) ? s in c e  th e  l a t t e r  
i n v o l v e s  t y p i c a l  carb on y l a d d i t io n  r e a c t i o n s  th a t  ta k e  p la c e  
a t  a c o m p a r a t iv e ly  s lo w  speed? whereas i n  (D) and (E) i n t r a ­
m o le c u la r  h yd rid e  s h i f t s  tak e  p la c e  f o r  which much low er  v a lu e s  
o f  th e  a c t i v a t i o n  energy  are  t o  be e x p e c te d -  A l s o  th e  h yd r id e  
s h i f t  th a t  occu rs  i n  r e a c t i o n  (P) does n o t  appear to  have any 
!d r iv in g  f o r c e d
The r a p i d i t y  o f  th e  s t e p s  f o l lo w in g  th e  r a te -d e te r m in in g  
r e a c t i o n  (C) are  thus more e a s i l y  u n d e rs to o d  i f  an in tr a m o le c u l  
s h i f t  o ccu rs  as  in  r e a c t i o n s  (D) or ( E ) «
I f  the  r e a c t i o n  were to  tak e  p la c e  in  a s i m i la r  manner 
t o  th e  r e a c t i o n  o f  m onoaldehydes [1 3 2 ]  t h i s  would in v o lv e  th e
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r e a c t i o n  betw een  two a n io n s  formed i n  (B) and would le a d  to  a 
sy m m etr ica l product ;
OH OH 0®
H - C - O ®  0 = C -  H H - C - O - C - H
H -  C = 0 ®0 -  C -  H H -  0=0 0 —!■ 0 -  H
! !
OH , OH
I
( l a )  ( l a )
OH ' ®0
I I
H - C - O - C - Hi
H - C - O - C - H
OH
The su bseq uent r e a c t io n s  would be th e  same as i n  (G ).
T h is  ty p e  o f  mechanism would le a d  to  fo u r th  order  k i n e t i c s  and 
t h e r e f o r e  th e  p o s s i b i l i t y  th a t  t h i s  occu rs  can be e l im in a t e d .
A lex a n d er  [1 2 ]  assumed th a t  an in tr a m o le c u la r  hyd rid e  
t r a n s f e r  occu rred  i n  the Cannizzaro r e a c t i o n  o f  phenyl g l y o x a l .
He found t h i s  r e a c t i o n  to  be o f  th e  secon d  o rd er , th e  r a t e  
b e in g  p r o p o r t io n a l  to  th e  f i r s t  powers o f  h y d ro x y l io n  and phen yl  
g ly o x a l  c o n c e n t r a t io n s .  ^n t h i s  c a se  i t  was assumed th a t  
h y d r id e  t r a n s f e r  occu rred  i n  th e  u n iv a le n t  a n io n  c o rresp o n d in g  
to  th a t  formed i n  r e a c t i o n  ( B ) . The d i f f e r e n c e b e t w e e n  th e
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r e a c t i o n  mechanisms o f  g ly o x a l  and phenyl g l y o x a l  can he a s ­
c r ib e d  to  the -M e f f e c t  o f  th e  phenyl group [1 3 3 ]  which g r e a t l y  
f a c i l i t a t e s  th e  hyd rid e  t r a n s f e r  to  the  a d ja c e n t  carbon atom, 
as a r e s u l t ,  th e  r e a c t i o n  corresp o n d in g  to  (B) becomes th e  
s lo w e s t  and hence  r a t e  d e te r m in in g .
R e v e r t in g  t o  th e  r e a c t i o n  o f  g l y o x a l ,  i t  i s  p o s s i b l e  th a t  
in te r m e d ia te  (IV) does n o t  rearran ge  in s t a n t a n e o u s ly  ( i . e .  
t h e r e  i s  a f i n i t e  c o n c e n tr a t io n  o f  ( I I ) i n  th e  r e a c t i o n  s o l u t i o n ) .  
T h is  c o n t in g e n c y  would not be c o n tr a d ic t o r y  to  the  e x p e r im e n ta l ly  
ob serv ed  r e a c t i o n  order or th e  m agnitude o f  th e  s a l t  e f f e c t  
o b served  f o r  th e  sodium h yd rox id e  c a t a ly s e d  r e a c t i o n .
A c t i v a t i o n  Param eters
The s p e c i f i c  r a t e  c o n s t a n t s  measured a t  d i f f e r e n t  tempera­
tu r e s  are  g iv e n  in  T able  9 ( p .1 1 0 ) .  T ab le  l l ( p . l 3 2 )  com­
pares  th e  r e s u l t s  o b ta in ed  f o r  th e  A rrh en iu s  a c t i v a t i o n  e n e r g ie s  
(E) and fr e q u e n c y  f a c t o r s  (A) o f  the  p r e s e n t  i n v e s t i g a t i o n  and 
th a t  o f  Salomaa [ 1 1 a j •
l h  2 - 2  -1Prom th e  v a lu e  o f  A, x 10 H 1 .  mole s e c ,  a c co r d in g
to  th e  th e o r y  o f  a b s o lu te  r e a c t i o n  r a t e s  [ 1 3 4 ] •  Prom the
form ula
A  S = R . l o g e -gjgr
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where R. i s  th e  U n iv e r s a l  gas co n sta n t  
h i s  P la n c k 's  c o n s ta n t  
K i s  B o ltzm an n's  c o n sta n t
T i s  th e  a b s o lu t e  tem perature  ( °K)
6 - 2  - 1A i s  e x p r e s s e d  i n  cm, mole s e c ,
to  g iv e  A|VS f o r  a s tan d a rd  s t a t e  o f  1 m ole/cm . •
The v a lu e  o b ta in e d  from th e  r e s u l t s  o f  th e  p r e se n t  work f o r
'l
th e  a c t i v a t i o n  en trop y  o f  th e  Cannizzaro r e a c t i o n  o f  g ly o x a l
—1 —1a t  298°K i s  3U*0 c a lo d e g .  mole , The v a lu e  o b ta in e d  by
A as - 1 - 1Salomaa was / L S  S 2^g = 37*9 c a l . d e g .  mole ,
A la r g e  p o s i t i v e  a c t i v a t i o n  en trop y  corresp on d s t o  a
la r g e  d e c r e a se  i n  order i n  th e  a tta in m en t  o f  th e  t r a n s i t i o n
s t a t e .  Pajunen [1 3 5 ]  e x p la in e d  th e  la r g e  p o s i t i v e  a c t i v a t i o n
sen trop y  o f  th e  C annizzaro r e a c t io n  o f  form aldehyde ( A  S2^g =
—1 —12 1 .2  c a l . d e g .  mole ) by  the  f a c t  th a t  th e  t r a n s i t i o n  s t a t e  
formed cannot b e  h y d ra ted , whereas th e  c a rb o n y l  group o f  form­
a ld eh y d e  cou ld  b e ,  and t h i s  would le a d  to  a d e c r e a se  i n  order  
on th e  a t ta in m e n t  o f  the  t r a n s i t i o n  s t a t e .
Salomaa a t t r i b u t e d  th e  la r g e  a c t i v a t i o n  en tro p y  th a t  he  
o b ta in e d  for th e  r e a c t i o n  o f  g l y o x a l  to  th e  p r e se n c e  o f  two 
h y d ra te d  ca rb on y l groups i n  the  g l y o x a l  m o lec u le  and n e i t h e r  o f  
th e  carbonyl' groups cou ld  be hydrated in  the t r a n s i t i o n  s t a t e  
th a t  he p o s t u l a t e s  a s  b e in g  th e  r e a r r a n g in g  s p e c i e s  ( i l l )  :
S a l t  E f f e c t
The C annizzaro r e a c t i o n  o f  g ly o x a l  e f f e c t e d  "by sodium  
h y d ro x id e  s o l u t i o n  i s  c h a r a c t e r i s e d  "by a pronounced p o s i t i v e  
s a l t  e f f e c t  ( s e e  T able  7 p . 107 and P i g .  9 p .1 1 2 ) ,  the  
s p e c i f i c  r a t e  c o n s ta n t  in c r e a s in g  w ith  in c r e a s in g  e l e c t r o l y t e  
c o n c e n tr a t io n .  T h is  was ob served  b y  Salomaa [ 11a] and sub­
s t a n t i a t e d  by th e  p r e s e n t  i n v e s t i g a t i o n .  The f a c t  th a t  
th e  r a te  d e ter m in in g  s t e p  o f  th e  r e a c t io n  ta k e s  p la c e  b etw een  
two a n io n s  i s . i n  good accord  w ith  t h i s  e f f e c t  [ 1 3 6 ] .
To summarise, th e  mechanism proposed  on t h e  fo r e g o in g  
e v id e n c e  i s :
-lL jll.-
HO
H
OH
i1
C -  H
I
i
C -  OH
1
OH
+ HO
0
1 |
H O - C - H  
H - C - O H  
OH 
.9
( I c )
p
:o®
90 -  C H
HO0 + H -  C -  H ^ r e v e r s i b l e  H _ Q _ QH
OH
g l y c o l l a t e
a n io n
OH
( l i e )
The e v id e n c e  i n  fa v o u r  o f  th e  g l y o x a l  "being p r e s e n t  as  
th e  d ih y d r a te  i s  d i s c u s s e d  on p*1 2 6 .
The e v id e n c e  in  fa v o u r  o f  th e  r a t e  d eterm ing  s t e p  ta k in g  
p la c e  betw een  two an ion s  i s  :
( i )  A la r g e  in c r e a s e  in  th e  s p e c i f i c  r a te  o f  r e a c t i o n  
i s  o b ta in e d  by u s in g  a p o ly m eric  a l k a l i  a s  c a t a l y s t  a s  
opposed  to  th e  e q u iv a le n t  c o n c e n tr a t io n s  o f  e i t h e r  sodium  
h yd rox id e  or b enzy ltr ieth y lam m on iu m  h y d r o x id e • ' T h is  w i l l  be
d i s c u s s e d  f u r t h e r  i n  the n e x t  S e c t io n *
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( i i )  In  th e  r e a c t io n  w ith  sodium h y d r o x id e ,  the  
m agnitude o f  th e  s a l t  e f f e c t  i s  t y p i c a l  o f  a r e a c t i o n  i n  
w hich  th e  r a t e  d eterm in in g  s t e p  i s  th e  r e a c t i o n  o f  two io n s  
o f  l i k e  charge [ 1 3 6 ]•
- 1 4 6 -
The E f f e c t  o f  th e  P o lym eric io n
on th e  R e a c t io n  K in e t i c s
R e a c t io n  K in e t i c s  in
The s p e c i f i c  r a t e - c o n s t a n t  f o r  r e a c t i o n  w ith  p o l y ( v i n y l -  
b enzy ltr ieth y lam m on iu m  h y d ro x id e)  i s  a p p ro x im a te ly  t w e n t y - s i x  
t im e s  g r e a t e r  than  th o s e  f o r  r e a c t io n  w ith  th e  low m o lecu la r  
w e ig h t  a l k a l i e s *  Thus a t  25° and a h yd rox id e  n o r m a l i ty  o f
0 . 003N* th e  s p e c i f i c  r a t e  c o n s ta n t  o b ta in e d  w ith  th e  p o ly m er ic
h y d ro x id e  i s  7*01 -  0*02 x 10 1* m ole-  sec*  , compared w ith
+ 2 2 —2 —1 2*63 -  0 .0 3  x 10 1 .  mole sec*  f o r  r e a c t i o n  in  th e  p r e se n c e
. 2 2 — p
o f  sodium h y d r o x id e ,  and 2*73 -  0 .0 3  x  10 1* mole sec*  f o r  
r e a c t i o n  i n  th e  p r e sen ce  o f  benzy ltr ieth y lam m on iu m  hydroxide*
The r e a c t io n  r a t e  i n  d i l u t e  aqueous benzy ltr ieth y lam m on iu m  
h y d ro x id e  was determ ined  b eca u se  the  l a t t e r  compound i s  an a logou s  
t o  th e  s t r u c t u r a l  u n i t  o f  th e  p o ly m eric  h y d r o x id e .  T h is  com­
p a r is o n  was un d ertak en  b eca u se  i t  was p o s s i b l e  t h a t  the  h ig h e r  
r a t e  c o n s ta n t  in  th e  p resen ce  o f  p o ly m er ic  h yd ro x id e  was cau sed  
by some d i f f e r e n c e  betw een  th e  c a t a l y t i c  powers o f  th e  q u a ter ­
nary ammonium and sodium c a t i o n s , r e s p e c t i v e l y ,  and n o t  by  th e  
p o ly m eric  n a tu r e  o f  th e  p o l y - c a t i o n s .  The s p e c i f i c  r a te  c o n sta n t  
f o r  aqueous b enzy ltr ieth y lam m on iu m  h y d rox id e  a t  23° i s  s l i g h t l y  
h ig h e r  than  the  co rr esp o n d in g  v a lu e  in  th e  p r e se n c e  o f  sodium
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hydroxide* T h is  d i f f e r e n c e  may he caused  by  the  d e a c t i v a t i o n  
o f  a sm a ll  p r o p o r t io n  o f  th e  h y d ro x y l io n s  i n  th e  sodium  
h y d ro x id e  s o l u t i o n  due to  i o n - p a ir  form ation* Such an e f f e c t  
has b een  r e p o r te d  [ 137J f o r  th e  h y d r o x y l - io n  c a t a l y s e d  decom­
p o s i t i o n  o f  d ia c e to n e  a l c o h o l .  T h is  d i f f e r e n c e  i s  n e g l i g i b l e
when compared w ith  th e  in c r e a s e  en cou n tered  f o r  r e a c t i o n  i n
\
th e  p r e sen ce  o f  th e  p o l y - c a t i o n ,  and i t  i s  t h e r e f o r e  apparent  
t h a t  the  p o lym eric  n a tu re  o f  th e  p o l y - c a t io n s  enhances th e  
c a t a l y t i c  a c t i v i t y  o f  the h y d ro x y l  i o n s .
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I f  th e  h ig h e r  r e a c t io n  r a te  o b ta in e d  i n  th e  p r e se n c e  o f  
th e  po lym eric  hyd rox id e  i s  to  he e x p la in e d  i n  terms o f  
M oraw etz's  approach ( s e e  ) tl3&l * "t i^e h y d ro x y l  io n s  and
o th e r  n e g a t i v e l y  charged  s p e c i e s  must he more c o n c e n tr a te d  
w it h in  and n ea r  th e  p o l y - c a t i o n s  due to  the h ig h  e l e c t r o s t a t i c  
p o t e n t i a l s  i n  t h e s e  r e g i o n s .  The in c r e a s e d  h y d ro x y l  io n  con­
c e n t r a t i o n  i n  t h e s e  r e g io n s  i s  to  he e x p e c te d ,  s i n c e  c o u n te r ­
io n s  a re  d i s t r i b u t e d  i n  t h i s  way i n  p o l y e l e c t r o l y t e  s o l u t i o n s  
( s e e  p .  3 2 ) .
The low  a c t i v i t y  c o e f f i c i e n t s  o f  th e  h y d ro x y l  c o u n te r ­
i o n s ,  ob served  by M orley [ 6 5 ] f o r  an aqueous s o l u t i o n  o f  
p o ly (v in y lb e n z y ltr ie th y la m m o n iu m  h y d r o x id e ) ,  a l s o  p r o v id e  an 
e x p e r im e n ta l  i n d i c a t i o n  o f  t h i s  e f f e c t .
The n e g a t i v e l y  charged proposed  r e a c t i o n  in te r m e d ia te s  
( I ) ,  ( I I )  and ( I I I )  would a l s o  be e x p e c te d  to  be u n ev e n ly  d i s t r i ­
b u ted  in  th e  p r e se n c e  o f  a p o ly io n  as would th e  r e a c t i o n  product  
(g ly c d L a te  i o n ) ,  a l l  o f  t h e s e  s p e c i e s  would be  more c o n c e n tr a te d  
i n  the  p o ly io n  domains th an  in  th e  rem ainder o f  the  s o l u t i o n .
The main e f f e c t  o f  th e s e  uneven d i s t r i b u t i o n s  would be 
to  in c r e a s e  th e  e f f e c t i v e  c o n c e n tr a t io n s  o f  b o th  h y d ro x y l  io n s
th e r e b yand r e a c t io n  in t e r m e d ia t e ( I )  ( i . e .  CHO.CH.OH^
K 1 Q '* cr -
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i n c r e a s i n g  th e  p o s s i b i l i t y  o f  i n t e r a c t i o n  o f  t h e s e  two e n t i t i e s ,  
r e s u l t i n g  i n  an i n c r e a s e d  r a t e  o f  f o r m a t io n  o f  t h e  r e a r r a n g in g  
s p e c i e s  ( I I )  | a s  t h i s  i s  c o n s id e r e d  t o  b e  t h e  r a t e  d e te r m in ­
in g  s t e p ,  an o v e r a l l  i n c r e a s e  i n  th e  r e a c t i o n  r a t e  w ould b e  
e x p e c t e d .
I n  a d d i t i o n  to  th e  a b o v e ,  i t  can  be shown, f o r  r e a c t i o n s  
i n  Y/hich th e  c o u n t e r io n s  p a r t i c i p a t e  a s  c a t a l y s t  o r  r e a g e n t  
( i f  i t  i s  assumed a s  a f i r s t  a p p r o x im a t io n  t h a t  a c t i v i t y  c o ­
e f f i c i e n t s  do n o t  c h a n g e ) ,  t h a t  ( i )  n o n - u n i f o r m i t y  i n  th e  
s p a t i a l  d i s t r i b u t i o n  o f  c o u n t e r io n s  s h o u ld  n o t  a l t e r  th e  r a t e  
o f  a r e a c t i o n  o f  th e  f i r s t  o rd e r  i n  c o u n te r io n s ?  b u t  s h o u ld  
i n c r e a s e  th e  r a t e  o f  a r e a c t i o n  o f  t h e  s e c o n d  and h i g h e r  o r d e r s  
i n  t h e s e  io n s .  ( i i )  I f  th e  s u b s t r a t e  o r  an in t e r m e d i a t e  
a s s o c i a t e s  w i t h  th e  p o ly io n ?  a s  p o s t u l a t e d  a b o v e ,  i t  i s  b r o u g h t  
i n t o  a r e g i o n  o f  i n c r e a s e d  c o u n t e r io n  c o n c e n t r a t i o n ,  and an  
i n c r e a s e  o f  r a t e  w ould  be e x p e c t e d  i r r e s p e c t i v e l y  o f  w h eth er  
t h e  r e a c t i o n  i s  o f  f i r s t  o r  h ig h e r  o r d e r  i n  c o u n t e r i o n s .
D e r i v a t i o n  o f  e x p r e s s i o n  show ing i n c r e a s e s  o f  r a t e  due t o  
e f f e c t  ( i )
F or  t h e  r e a c t i o n  A + B — ^ p r o d u c t s ,  Y/hich i s  secon d  
o r d e r  i n  r e a c t a n t  B? and f i r s t  o r d e r  i n  A , th e n
= - k  [ A ] [ B ] 2
d t
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A l l  c o n c e n tr a t io n s  are  e x p r e sse d  i n  m o l e s / l i t r e .
The s o l u t i o n  i s  c o n s id e r e d  t o  have a volume o f  V l i t r e s  and 
t h i s  i s  a r b i t r a r i l y  d iv id e d  in t o  h a l v e s , one c o n t a in in g  th e  
p o ly io n  domains and t h e i r  a s s o c i a t e d  c o u n t e r io n s ,  th e  o th e r ,  
th e  rem ainder o f  th e  s o lu t io n *
F ig u re  11 i s  a diagram m atic r e p r e s e n t a t io n  o f  th e
system*
F or c a se  ( l ) ,  w ith  no p o ly io n  p r e s e n t ,  th e r e  i s  even  
d i s t r i b u t i o n  o f  th e  r e a c t a n t s .
For c a se  ( 2 ) ,  w ith  p o ly io n s  p r e s e n t ,  most o f  th e  c o u n te r ­
io n s  (B) are a t t r a c t e d  t o  the  p o ly io n  dom ains.
For c a se  ( 3 ) 9  a l s o  w ith  p o ly io n s  p r e s e n t ,  (A) i s  a l s o  
u n e q u a l ly  d iv id e d  betw een  th e  h a lv e s  o f  th e  s o l u t i o n ;  t h i s  
c o u ld  be ca u sed  by e l e c t r o s t a t i c  or o th e r  ( e . g .  hyd rop hob ic)  
e f f e c t s .
F i g .  11
Case V /2  ( I ) V /2  ( I I )
(1 ) [A ][B ] [A ][B ]
(2) [A ][B+g] [A ][B -g ]
(3) [A+p][B+q.'J [A-p][B-q/J
d[A] i s  th e  decrement i n  c o n c e n tr a t io n  o f  A i n  m o l e s / l .
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The a c t u a l  decrem ent f o r  V l i t r e s  i s  V y (  d[A] = dA, t h e r e f o r e
th e  a c tu a l  decrement i n  each h a l f  o f  th e  s o l u t i o n  i s  ^  ^dA3an<3-
\Tth e n  the sum i s  ~  (d tA ’j j  + d [A ]I3.)o
In  c a se  ( l )  ^  = -2k [A ][B ']2 x  ^  = -Vk[A'][B]2
t o t a l  ^
I n  c a s e  ( 2 )  =  - * [ A ]  ^ i [ B + q ] 2  +  [ B - q ] 2 ]
t o t a l  *  L —1
= -k[A ] ^ ^ 2 [ B ] 2 +
To~ka l  r a te  fo r  c a se  (2 )  = -k [A ] V T.BJ  ^ + [ g ] 2 j
i n  c a se  ( 3 ) M  = _k |  T [A+pJ[B^ ] 2  + [ A -p H B - q ] 2)
t o t a l  L
kvT 2 2 2 2= -  7p*|AB + Aq + 2BqA + AB + Aq -  2BqA
+ pB2 +pg2 + 2Bpg + pB2 + pg2 -  2Bgp^
= ~ r  2 (AB2 + Ag2 + pB2 + pg2 )
• T o ta l  r a t e  = - kV[A+p j [ B 2+ g2 j
r a t e  ( 2 )  _  [B] ■+ [& ]_
•i 2
r a t e  (1) [ B ] 2”
S i m i l a r l y  ^ t e  [ 2 ] ~ LA?{||bJ^+[ =
and r a t e  (3) _ [A+pX[B]2 + [qT~)
r a t e  (1 )  " [A ] [ B ] 2
Hence i f  th e  a c t i v i t y  c o e f f i c i e n t s  rem ain unchanged:  
r a t e  (3) r a t e  (2 ) r a t e  ( l )
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K in e t ic  e v id e n c e  has  "been record ed  f o r  th e  o p e r a t io n  of. 
e f f e c t  ( i i )  in  the c a t a l y s i s  o f  th e  d e c o m p o s it io n  o f  N - n i t r o s o -  
t r ia c e to n a m in e  by p o ly (v in y rb en zy ltr ie th y la m m o n iu m  h y d r o x id e ) [ 65] 
i n  t h i s  c a se  i t  was assumed t h a t  in  a d d i t io n  t o  th e  e x p e c te d  
in c r e a s e  i n  h y d ro x y l  io n  c o n c e n tr a t io n  around th e  p o l y - c a t i o n ,  
t h e r e  was a l s o  am in c r e a s e  i n  th e  c o n c e n tr a t io n  o f  th e  s u b s t r a te  
c a u sed  by  th e  a p p r e c ia b le  p o l a r i t y  o f  the  N - n i t r o s o t r i a c e t o n -  
amine m o le c u le . I t  would th e r e f o r e  b e  a f f e c t e d  by  th e  e l e c t r o ­
s t a t i c  f i e l d  o f  th e  p o l y - c a t i o n .
Both e f f e c t s  ( i )  and ( i i )  were proposed  a s  o p e r a t in g  
i n  the  c a t a l y s i s  o f  th e  b e n z id in e  rearrangem ent by p o l y ( s t y r e n e -  
s u lp h o n ic  a c id )  [85 ] 9
NH.Ph.NH.Ph + H® NHg.Hi.HH.Ph ( V)
H® I'
H xl
Q 0 © 0
NH,„CgH. -CgH. .NH3 ^—  NH2 .Ph.NH2 .Ph
A m onoprotonated s p e c i e s  ( V )  i s  proposed  as a r e a c t i o n  i n t e r — 
m e d ia te .  The r a t e  d e ter m in in g  s t e p  i s  t h e  r e a c t i o n  o f  a 
p ro to n  w ith  t h i s  in te r m e d ia te  ( V ) ,  The r e a c t i o n  i s  secon d  
order  in  hydrogen i o n s .  T h is  s i t u a t i o n  i s  an a la g o u s  to  th e  
.C annizzaro  r e a c t i o n  o f  g l y o x a l  e x c e p t  t h a t  th e  two r e a c ta n t  
s p e c i e s  are  p o s i t i v e l y  charged and in  the  p r e se n c e  o f  a p o ly ­
a n io n .  In  th e  b e n z id in e  rearrangem ent th e r e  e x i s t e d  a g r e a t e r
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p o s s i b i l i t y  o f  n o n - e l e c t r o s t a t i c  e f f e c t s  c a u s in g  th e  in c r e a s e ,  
b e c a u se  the  p o l^ s ty r e n e s u lp h o n ic  a c id )  o r i g i n a l l y  u sed  c o n ta in e d  
o n ly  one su lp h o n ic  a c id  group f o r  e v e r y  th r e e  s ty r e n e  u n i t s ,  
a l s o  the  r e a c t i o n  was c a r r ie d  out in  a 96 %  e th a n o l  s o l u t i o n .  
However, fu r t h e r  i n v e s t i g a t i o n  [139] showed t h a t  when th e  
r e a c t i o n  r a te  was determ ined  f o r  p o ly -a n io n s  w i t h  g r e a t e r  d e g r ee s  
o f  su lp h o n a t io n  (up to  85%) even  la r g e r  in crem en ts  were o b ta in e d ,  
thu s i t  ap p ears  t h a t  th e  e l e c t r o s t a t i c  a t t r a c t i o n  i s  by  f a r  th e  
l a r g e s t  e f f e c t  i n  o p e r a t io n .
Q u a n t i t a t iv e  apportionm ent o f  th e  in c r e a s e  to  th e  two 
above e f f e c t s  i s  e x tr em e ly  d i f f i c u l t  s i n c e  th e  system  i s  com­
p l i c a t e d  b y  the  marked d e c r e a se  i n  a c t i v i t y  c o e f f i c i e n t s  o f  
c o u n te r io n s  i n  t h e  p r e sen ce  o f  p o l y i o n s .  A c t i v i t y  c o e f f i c i e n t s  
may a t t a i n  a g r e a t e r  s i g n i f i c a n c e  i n  t h e  r e a c t i o n  k i n e t i c s  o f  
th e  p o ly m er ic  h y d ro x id e  c a ta ly s e d  r e a c t i o n  th an  i n  th e  c a se  o f  
r e a c t i o n  i n  low m o le c u la r  w eight h y d ro x id e  s o l u t i o n s .  The la c k  
o f  in fo r m a t io n  c o n c er n in g  th e  a c t i v i t y  c o e f f i c i e n t s  o f  g ly o x a l  
and i t s  a c t i v a t e d  com plexes i n  th e  p r e se n c e  o f  p o ly io n s  p r e v e n ts  
f u r t h e r  developm ent o f  t h i s  approach.
The m agnitude o f  e f f e c t  ( i )  i s  n o t  c o n s id e r e d  to  be 
l a r g e  enough to  e x e r t  a t w e n t y - s ix  f o l d  in c r e a s e  on th e  s p e c i f i c  
r a t e  c o n s ta n t  f o r  th e  p o ly m eric  a l k a l i  c a t a ly s e d  r e a c t i o n  o f  
g l y o x a l .  T h ere fo re  some o f  th e  in c r e a s e  must be  a t t r i b u t e d  to  
e f f e c t  ( i i ) •
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I t  was thou ght th a t  th e  r e a c t i o n  in te r m e d ia te  ( i )  m ight  
"become hound to  a p a r t i c u la r  s i t e  on a m acrom olecular  c h a in  
and th a t  th e  i n f lu e n c e  o f  th e  n e ig h b o u r in g  charged groups ( i . e .  
on th e  a d ja c e n t  s ty r e n e  u n i t s )  might i n f l u e n c e  th e  r e a c t i o n  :
S i t e  1 S i t e  2
i
iVv
r
a  *•
©N.Etj y *  © K  Efcj&
■. / /
\
CR,
e o
*
$
0
1
H
{
C -  C -  OH +
ii i
0 H
OH
T h is  r e a c t i o n  scheme would be s i m i la r  to  th e  one proposed  
e a r l i e r  (p .  144 ) e x c e p t  t h a t  th e  c o rr esp o n d in g  s t e p  to  : 
k90
HO -  C -  H
I
" H -  C -  OH
i
OH
( I )
0 :
HO@ 9
9
H -  C -  OH 
r \
^0H
( h i )
•0 - c 
I
H -  C -  H
i
OH
(IV)
+ OH9
would ta k e  p la c e  s im u lta n e o u s ly  as th e  h y d r o x y l  io n  approached  
th e  in t e r m e d ia t e ,  and ( I I I )  would n e v e r  b e  formed as a s e p a r a te  
e n t i t y ,  th e  p o s i t i v e  charge  on s i t e  (2 ) o f  t h e  m acrom olecule
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t e n d in g  t o  h e lp  th e  rem oval o f  a h yd ro xy l io n  and th u s a id in g  
th e  fo rm a tio n  o f  th e  product ( I V ) ,
However a stu d y  o f  Conmar-Robinson m o lecu la r  m odels o f  
th e  proposed  r e a c t i o n  in t e r m e d ia t e s  and a sm a ll  s e c t i o n  o f  a 
m a c r o -c a t io n  s u g g e s t s  t h a t ,  i f  th e  d i s t a n c e s  betw een  c e n t r e s  o f  
charge are  a maximum w i t h in  the f l e x i b i l i t y  o f  th e  macromole-  
c u la r  s t r u c t u r e  (which would be e x p e c te d  b eca u se  o f  th e  e l e c t r o ­
s t a t i c  r e p u l s i o n s ) ,  th en  th e  d i s t a n c e  betw een  two c e n t r e s  o f  
charge would be to o  l a r g e  to  show any e f f e c t i v e  enhancement 
o f  the  proposed  s t e p s .  F u r th er , th e  t r i e t h y l  group around  
th e  quaternary  n i t r o g e n  h e lp s  to  d i f f u s e  th e  e f f e c t i v e  charge  
over  a r e l a t i v e l y  la r g e  volume, w h ich 'w ou ld  a l s o  t e n d  t o  make 
’ s i t e  b i n d i n g ’ l e s s  l i k e l y .
S a l t  e f f e c t s
The p r e se n c e  o f  sodium c h lo r id e  in  low c o n c e n tr a t io n s
( > 0 . 0006m) produces a sharp d e c r e a se  i n  th e  r a t e  c o n s ta n t
o f  th e  r e a c t i o n  i n  0.003N p o lym eric  h y d ro x id e  s o l u t i o n  a t  25°
( s e e  F i g .  9 )« Thus a t  a sodium c h lo r id e  c o n c e n tr a t io n  o f
■3
0.0006M , th e  s p e c i f i c  r a te  c o n s ta n t  i s  5,Zj. x  10 , 0 .7 S  t im es  
th e  v a lu e  i n  a s o l u t i o n  f r e e  o f  added s a l t .  As th e  sodium  
c h lo r id e  c o n c e n tr a t io n  i s  in c r e a s e d  th e  d e c r e a se  i n  t h e  r a t e  
c o n s ta n t  becomes p r o g r e s s i v e l y  more gradual ( s e e  F i g .  9 p . 1 1 2 ) .
In  c o n t r a s t  to  t h i s  b e h a v io u r ,  th e  s p e c i f i c  r a t e  c o n s ta n t
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i n  th e  p r e se n c e  o f  sodium h y d rox id e  s o l u t i o n  i s  o n ly  r e l a t i v e l y  
s l i g h t l y  a f f e c t e d  "by the  a d d i t io n  o f  sodium c h l o r i d e .  The 
p o s i t i v e  s a l t  e f f e c t  ob served  i s  o f  a s i m i la r  m agnitude to  th e  
e f f e c t  ob served  by Salomaa [ 1 1 a ] .
The pronounced d e c r e a se  i n  the  s p e c i f i c  r a t e  c o n s ta n t  
o f  th e  p o lym eric  h yd rox id e  c a t a l y s e d  r e a c t i o n ,  produced by the  
a d d i t io n  o f  sodium c h lo r id e  i n d i c a t e s  th a t  th e  n o n - c a t a l y t i c  
c h lo r id e  c o u n te r io n s  d i s p l a c e  th e  h y d ro x y l  io n s  and charged  
r e a c t i o n  in te r m e d ia te s  from th e  p o l y - c a t i o n  domains • The added 
s im p le  e l e c t r o l y t e  a l s o  p a r t i a l l y  s c r e e n s  th e  e l e c t r o s t a t i c  
f i e l d s  o f  th e  p o l y - c a t i o n s .  As a r e s u l t  o f  t h e s e  e f f e c t s  the  
h y d ro x y l  io n s  and n e g a t i v e l y  charged  r e a c t i o n  in t e r m e d ia t e s  
become more e v e n ly  d i s t r i b u t e d  throughout th e  s o lu t io n *  w h i le  
a t  th e  same t im e  th e  p o ly io n  c o n t r a c t s  ( s e e  p .  3 1 ) .  E v e n tu a l ly ,  
as th e  c o n c e n tr a t io n  o f  added s a l t  i s  in c r e a s e d ,  th e  n e g a t i v e l y  
charged  s p e c i e s  a t t a i n  an even d i s t r i b u t i o n  i n  t h e  s o lu t io n *
As t h i s  s t a t e  i s  approached th e  r a t e  c o n s ta n t  sh o u ld  adopt th e  
same c h a r a c t e r i s t i c s  as th o se  o f  th e  r a t e  c o n s ta n t  o f  th e  low  
m o le c u la r  w e ig h t  h y d ro x id e  c a t a ly s e d  r e a c t i o n s .  T h is  ten d en cy  
i s  o b ser v ed  i n  th e  p r e se n t  i n v e s t i g a t i o n .
S im i la r  e f f e c t s  have b e e n  o b serv ed  b y  Morawetz and 
S c h a fe r  [82+] and M orley [ 65] .  The form er a u th o rs  s t u d ie d  th e  
h y d ro x y l  io n  c a t a l y s e d  h y d r o ly s e s  o f  c a t i o n i c  p h en yl e s t e r s  in
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th e  p r e se n c e  o f  p o ly (m e th a c r y la te )  p o ly - a n io n s :  an in c r e a s e  in
th e  sodium c o u n te r io n  c o n c e n tr a t io n  caused  th e  s p e c i f i c  r a te  
c o n s ta n t  to  approach th a t  f o r  th e  r e a c t i o n  i n  th e  a b sen ce  o f  
th e  p o ly io n .
The d e c r e a se  i n  th e  s p e c i f i c  r a t e  c o n s ta n t ,  a t  2 5 ° ,  o f  
th e  C annizzaro R e a c t io n  o f  g l y o x a l  i n  th e  p r e sen ce  o f  0 .003N  
p olym eric  h y d r o x id e ,  produced by th e  in c o r p o r a t io n  o f  0.003M 
sodium c h lo r id e  (7*01 x 10^ t o  1 .7 5  x 1 0 ^ 1 .2m ole’"2s e c . ~ 1 ) i s  
78% o f  th e  d i f f e r e n c e  b etw een  th e  s p e c i f i c  r a t e  c o n s t a n t s  in  
th e  p r e se n c e  o f  s a l t  f r e e  p o ly m eric  h yd rox id e  and sodium hydro­
x i d e .  T h is  sharp d im in u t io n  i n d i c a t e s  t h a t  th e  p o l y - c a t i o n  
e x h i b i t s  a c o n s id e r a b le  s e l e c t i v i t y ,  accommodating th e  c h lo r id e  
c o u n te r io n s ,  p r e f e r e n t i a l l y  w i t h  r e s p e c t  to  th e  h y d ro x y l  
c o u n t e r io n s •
Sodium s u lp h a te  a l s o  c a u se s  a sharp r e d u c t io n  o f  th e  
s p e c i f i c  r a t e  c o n s ta n t  in  polym eric  h y d ro x id e  s o l u t i o n s .  At  
low sodium s u lp h a te  c o n c e n tr a t io n s  ( <  0.009M) th e  d e c r e a se  i n
s p e c i f i c  r a t e  c o n s ta n t  i s  g r e a t e r  w ith  sodium su lp h a te  than w ith  
sodium c h lo r id e  o f  th e  same e q u iv a le n t  c o n c e n tr a t io n .  T h is  
l a r g e r  r e d u c t io n  in  s p e c i f i c  r a t e  c o n s ta n t  f o r  added sodium  
s u lp h a t e ,  f o r  a g iv e n  e q u iv a le n t  c o n c e n tr a t io n  o f  added s a l t ,  
i s  i n  agreement w ith  W a l l ’ s  [7 3 ]  t h e o r e t i c a l  d e d u c t io n ,  th a t  
c o u n te r io n s  w ith  th e  h ig h e r  charge are  e x p e c te d  to  be  a s s o c i a t e d
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w ith  th e  p o ly io n s  t o  a l a r g e r  e x te n t  than  are  c o u n te r io n s  o f  a 
lo w er  ch arge , f o r  th e  same e q u iv a le n t  c o n c e n tr a t io n  o f  c o u n te r ­
i o n s .  The s u lp h a te  c o u n te r io n s ,  p o s s e s s in g  th e  g r e a t e r  ten d en cy  
to  c o n c e n tr a te  n e a r  the  p o l y - c a t i o n ,  would d i s p l a c e  th e  h y d ro x y l  
i o n s  from t h e s e  r e g io n s  more r e a d i l y  than  would th e  c h lo r id e  
c o u n t e r io n s ,  so  c a u s in g  a more pronounced r e d u c t io n  i n  th e
s p e c i f i c  r a te  c o n s t a n t .
\
The s l i g h t l y  l o w e r  s p e c i f i c  r a t e  c o n s ta n t s  o f  th e  polym er­
i c  h y d ro x id e  c a t a ly s e d  r e a c t i o n ,  compared w i t h  th o s e  o f  the  
sodium h y d ro x id e  c a t a ly s e d  r e a c t i o n ,  a t  sodium s u lp h a te  concen­
t r a t i o n s  i n  e x c e s s  o f  c a .  0 .0 0 5 5 M ,m a y  he  th e  r e s u l t  o f  a 
d e p l e t io n  o f  th e  h y d ro x y l  io n  c o n c e n tr a t io n  in  and around th e  
p o l y - c a t i o n s  w h ile  c o n c e n tr a t io n  o f  r e a c t i o n  in t e r m e d ia te s  i s  
s t i l l  s l i g h t l y  enhanced i n  th e s e  r e g io n s .  T h is  p a r t i a l  s e p a r a ­
t i o n  o f  th e  r e a c t a n t s  would th en  g iv e  a s p e c i f i c  r a t e  c o n s tp n t  
s l i g h t l y  low er  than t h a t  f o r  th e  e v e n ly  d i s t r i b u t e d  sodium  
h y d ro x id e  sy s te m .
The po lym eric  h yd rox id e  u sed  f o r  th e  p r e l im in a r y  runs
(N os. 5 9 6 , 8) c o n ta in e d  a sm a ll  p o r t io n  o f  c h lo r id e  i o n s .  I t
was p a r t  o f  b a tc h  H .5 o b ta in e d  from M orley [li+6], which had a
— 5c h lo r id e  io n  c o n c e n tr a t io n  o f  5*0 x 10 M, f o r  a h y d rox y l io n  
c o n c e n tr a t io n  o f  3»00 x 10
The s p e c i f i c  r a te  c o n s ta n t  o b ta in e d  f o r  t h e s e  runs
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•z p —2  —1
( k = 6 . 2 °  x 10 1 .  mole s e c .  ) was. low er  than  t h a t  ob­
t a in e d  when c h lo r id e  f r e e  p o lym eric  h y d ro x id e  was u s e d ,  f o r
3 2 —2 —1th e  main h a tc h  o f  k i n e t i c  runs (^298 = 7«01 x sec. ) ,
a r e s u l t  w hich accord s w ith  th e  s e n s i t i v i t y  o f  th e  s p e c i f i c  
r a t e  c o n s ta n t  to  th e  p r e se n c e  o f  sm a l l  p o r t io n s  o f  c h lo r id e  
i o n s .  I t  sh ou ld  he p o in te d  out t h a t  e f f e c t s  o th e r  than  th e
p r e se n c e  o f  th e  c h lo r id e  io n s ,  e . g .  d i f f e r e n t  d e g r e e s  o f
■\
q u a t e r n i s a t io n  and c h lo r o m e th y la t io n ,  may a l s o  a f f e c t  th e  
v a lu e s  o f  th e  s p e c i f i c  r a t e  c o n s t a n t s  o b ta in e d  w ith  th e  two 
sam ples o f  p o lym eric  h y d r o x id e .  They w ere, how ever, b o th  
prepared  from p o r t io n s  o f  th e  same sample o f  p o ly s t y r e n e .
The f a c t  th a t  a v ery  la r g e  n e g a t iv e  s a l t  e f f e c t  i s  
o b serv ed  f o r  the  p o lym eric  h yd rox id e  system  i n d i c a t e s  t h a t  
th e  a t t r a c t i o n  o f  th e  r e a c t i o n  in t e r m e d ia t e s  i s  p rob ab ly  
e l e c t r o s t a t i c  r a th e r  th an  by any o th e r  mechanism, e . g .  h yd ro -  
p h ob ic  ( s e e  p .  51 ) •  T h is  a l s o  i s  a d d i t io n a l  e v id e n c e  f o r  
th e  fo r m a t io n  o f  th e  n e g a t i v e l y  charged  r e a c t i o n  in te r m e d ia te  
( i )  a s  proposed  on p . 1 3 4 .
A c t i v a t i o n  Param eters
T able  12 g i v e s  a com parison o f  th e  a c t i v a t i o n  para­
m e te r s  f o r  th e  p o ly m er ic  a l k a l i  and sodium h yd rox id e  c a t a ly s e d  
C annizzaro r e a c t i o n s .
fN ■
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TABLE 12
;S p e c i f i c  Rate  
j C on stan t
A c t i v a t i o n  Energy E
A rrh en iu s  Freguency  
F a c to r  A
A c t i v a t i o n  Entropy
A &298
F ree  E nergy  o f   ^ ^
A c t i v a t i o n  A  F298
Sodium H ydroxide
2*63 x 10'
2 -2  - 11 ,  mole sec*
16*700 c a l .m o le
U.6 x 1 0 ^
2 - 2  - 11 .  mole sec*
3 4 .0
-1  -1  c a l .d e g *  mole
P o lym eric  Hydroxide;
7 .0 1  x  103
2 - 2  - 11 .  mole s e c .
2 0 ,0 7 0  c a l .m o le
18
  1
3.7  x 10
2 - 2  - 11* niole_ se£*__
3 1 .9
c a l . d e g .  mole  ^
-*11 0 ,2 0 0  ca l*m ole  ] 8 ,7 0 0  c a l .m o le
The p o lym eric  h y d rox id e  c a t a ly s e d  r e a c t i o n  has an e n th a lp y  
o f  a c t i v a t i o n  h ig h e r  than  t h a t  o f  th e  sodium h y d ro x id e  c a ta ­
l y s e d  r e a c t i o n  h y  3?370 c a l .m o le  \  Thus th e  e n th a lp y  o f  
a c t i v a t i o n  f a v o u r s ' t h e  sodium h yd rox id e  c a t a l y s e d  r e a c t i o n .
However, th e  en tro p y  o f  a c t i v a t i o n  ( .A* S ) o f  th e  p o ly ­
m er ic  h yd rox id e  c a t a l y s e d  r e a c t i o n  i s  s u f f i c i e n t l y  h ig h e r  than  
t h a t  o f  th e  sodium h yd rox id e  c a t a ly s e d  r e a c t i o n  to  overcome 
t h i s  e f f e c t ,  so t h a t  a h ig h e r  r a t e  c o n s ta n t  i s  o b ta in e d  i n  th e  
p r e se n c e  o f  th e  p o lym eric  h y d r o x id e .  The h ig h e r  en tro p y  o f  
a c t i v a t i o n  o f  th e  p o lym eric  h y d ro x id e  c a ta ly s e d  r e a c t i o n
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i n d i c a t e s  t h a t  the  d e c r e a se  in  th e  o r d e r  o f  th e  sy s te m , which  
o c cu rs  when the a c t i v a t e d  complex i s  form ed, i s  l a r g e r  i n  t h e  
p r e se n c e  o f  the  p o l y - c a t i o n  than in  th e  p r e se n c e  o f  a low  
m o le c u la r  w e ig h t  e l e c t r o l y t e .
The d i f f e r e n c e  b e tw een  th e  f r e e  e n e r g i e s  o f  a c t i v a t i o n  
( Fs ) , 1 ,5 0 0  cal.mole*"'1', f o r  the  r e a c t i o n s  i n  t h e  p r e se n c e  o f  
sodium h y d ro x id e  and p o ly m er ic  h y d ro x id e ,  r e s p e c t i v e l y ,  r e f l e c t s
’a,
th e  d i f f e r e n c e  betw een  th e  r e s p e c t i v e  r a t e  c o n s t a n t s .  S im i la r  
r e s u l t s  have  been r e p o r te d  f o r  r e a c t io n s  c a t a ly s e d  by  io n -  
exchange r e s i n s  and t h e i r  r e s p e c t i v e  low m o lec u la r  w e ig h t  
a n a lo g u e s .  For example, th e  e n t h a lp ie s  and e n t r o p ie s  o f  
a c t i v a t i o n  f o r  th e  h y d r o ly s e s  o f  d ip e p t id e s  b y  a c i d i c  c a t i o n -  
exchange r e s i n s  were both  h ig h e r  than  th e  co rr esp o n d in g  v a lu e s  
f o r  th e  r e a c t io n s  c a t a l y s e d  b y  h y d r o c h lo r ic  a c id  [ 8 7 J 0
The r e s u l t s  can be i n t e r p r e t e d  more c l e a r l y  in  term s o f  
th e  c o l l i s i o n  th e o r y  o f  r e a c t i o n  k i n e t i c s  [li+lj • The a c t i v a t i o n  
e n e r g ie s  o b ta in e d  from th e  A rrh en iu s  p lo t  s show t h a t  th e  r e a c t i o n  
c a t a l y s e d  by  sodium h yd rox id e  has an a c t i v a t i o n  energy  
3 ,3 7 0  c a l .m o le " '1' l e s s  than  th a t  o f  th e  p o ly m er ic  hyd rox id e  
c a t a l y s e d  r e a c t i o n .
The la r g e r  p r e -e x p o n e n t ia l  f a c t o r ,  A, f o r  th e  l a t t e r  
r e a c t i o n  ( s e e  Table  12 ) ou tw eigh s  th e  a c t i v a t i o n  energy  e f f e c t ,  
g i v in g  th e  r e a c t i o n  a h ig h e r  s p e c i f i c  r a t e  c o n s t a n t .  . In  t h e
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c o l l i s i o n  t h e o r y  A i s  i n t e r p r e t e d  a s  "being a fr e q u e n c y  f a c t o r *  
T h is  r e p r e s e n t s  th e  number o f  c o l l i s i o n s , l e a d in g  to  r e a c t i o n ,  
which occur i n  u n i t  t im e f o r  u n i t  c o n c e n tr a t io n s  o f  r e a c ta n ts*
The fre q u en cy  f a c t o r  f o r  th e  po lym eric  h yd rox id e  c a t a ly s e d
18 2 —2 —1 5^r e a c t i o n  ( 3«7 x 10 1 * mole s e c ,"  ) i s  8*1 x 10 t im e s  th a t
f o r  th e  sodium h y d ro x id e  c a t a ly s e d  r e a c t i o n
(4*6  x  10 l . 'h n o le  ^ sec*” ^)* T h is  i s  c o n s i s t e n t  w ith  th e
c o n c ep t  th a t  "both th e  r e a c ta n t  c o n c e n tr a t io n s  are  in c r e a s e d  i n
and around the  p o l y - c a t i o n s ,  c a u s in g  th e  average  number o f
r e a c t a n t  c o l l i s i o n s  p er  u n i t  volume o f  th e  s o l u t i o n  i n  u n i t  tim e
to  he much h ig h e r  th an  t h a t  f o r  an e v e n ly  d i s t r i b u t e d  low
m o lec u la r  w e ig h t  sy s tem .
A s i m i l a r  e f f e c t  has been  record ed  [65 ] f o r  the h y d ro x y l  
io n  c a t a l y s e d  d eco m p o sit io n  o f  n i t r o s o t r ia c e t o n a m in e  by M orley .
A 9»9 f o l d  in c r e a s e  i n  th e  fre q u en cy  f a c t o r  f o r  t h i s  r e a c t i o n  
in  th e  p r e se n c e  o f  po lym eric  c a t i o n  i s  recorded* The same b e ­
h a v io u r  h as  a l s o  b e e i  o b served  [83 ] f o r  th e  h y d r o ljr s is  o f  e t h y l  
a c e t a t e  b y  p o ly ( s t y r e n e s u lp h o n ic  a c i d ) .  In  t h i s  c a s e ,  th e  a c t i ­
v a t i o n  e n e r g ie s  f o r  th e  r e a c t io n s  i n  the p r e se n c e  o f  th e  p o ly ­
m eric  a c id  and i t s  low  m o lecu la r  w e ig h t  a n a lo g u e , r e s p e c t i v e l y ,  
were th e  same* The h ig h e r  r a t e  c o n s ta n t  o b serv ed  i n  th e  p re ­
se n c e  o f  th e  p o ly m er ic  a c id  was t h e r e f o r e  due to  th e  h ig h e r  f r e ­
quency f a c t o r  o f  t h e  r e a c t i o n  i n  the  p r e se n c e  o f  t h i s  p o ly m eric  
a c id .
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A ppendix 1
The D e ter m in a t io n  o f
and c a l c u l a t i o n  o f
S i l v e r  n i t r a t e  s o l u t i o n  : O.O9964H 
P olym eric  c h lo r id e  d i s s o l v e d  i n  c h lo r id e  f r e e  
d i s t i l l e d  w ater  (5 °  m l .)*
5 %  aqueous AR p o ta ss iu m  chromate s o l u t i o n  
( 1 .0 0  m l .)  added from a p i p e t t e .
B lank t i t r a t i o n s  c a r r ie d  out w ith  AR ca lc iu m  
carb on ate  ( 0 .5  g*) and d i s t i l l e d  w ater  (60  m l . ) .
A B C
Wt. o f  p o ly m er ic  c h lo r id e  ( g . ) ; 0 .2 9 9 5  I 0 .3 1 4 8  ' 0 .2 9 7 6
T i t r e  (m l.)  
C o r r e c t io n  ( m l . )  
C o r re c te d  t i t r e  (m l.)
1 1 .1 7  | 1 1 .7 6  | 1 1 .3 9
j |
- 0 . 0 8  | - 0 . 0 8  ! - 0 . 0 8
i
1 1 .0 9  i 1 1 .6 8  ; 1 1 .3 1
3 5 .4 5 7  g .  C l
1000 ml 
0 .0 9 9 6 4 o f  0 .09964B
l e t  O.O9964 x 3 .5 4 5 7  = t>
C h lo r id e  c o n te n t  (%) j = 1 3 .0 8 = 13-11 = 1 3 .1 2
Mean = 13.10%
For c o m p le te ly  m on o-ch ioro m eth y la ted  p o ly s ty r e n e ,  th e  g .m o le
c u la r  w e ig h t  o f  the  s t r u c t u r a l  u n i t ,  CHgCH.CgH^.CHg.Cl, i s  1 5 2 .6 8  
The g .  m o lecu la r  w e ig h t  o f  th e  q u a te r n ise d  u n i t ,
L e t  th e  i o n i c  c h lo r id e  c o n te n t  o f  t h e  q u a te r n ise d  polymer  
h e  p%, h y  w e ig h t .
L et  th e  p e r ce n ta g e  o f  e h lo ro m e th y l  groups c o n v e r te d  in t o  
qu atern ary  ammonium groups he  x%.
I f  100 eh lo ro m e th y l  groups were p r e s e n t  b e fo r e  th e  q u a ter -  
n i s a t i o n ,  th e n  x q u atern ary  groups were produced , l e a v i n g  ( 100-x )  
r e s i d u a l  e h lo ro m e th y l  grou p s .
H ence, f o r  th e  h a tc h  QAC -  1 ,  where p = 13*10 , x  = 9 0 .1  
Thus, 90.1% o f  th e  eh lo ro m eth y l  groups were q u a te r n is e d  when
CH2CH.C6H^.CH2 oN(C2H5 ) 3 .C1, i s  2 5 3 .8 2 2 .
The g .  i o n i c  w e igh t o f  th e  c h lo r id e  io n  i s  3 5 ° k 5 7 '
T h erefo re
whence x
h a tc h  QAC -  1 was p r e p a r ed .
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APPENDIX 2
D e r iv a t io n
r a te  eq u a t io n
For a t h ir d -o r d e r  r e a c t i o n  w ith  two r e a c t a n t s  i f  the  
s t o i c h i o m e t r i c  e q u a t io n  i s  A + B = p ro d u cts  [1^.2]
f t  =  ^ 2 b
In  t h i s  c a se  Aq-A = BQ-B and -  ~  = kA^(BQ-A0 + A)
The r e s u l t  o f  t h i s  i n t e g r a t i o n  i s
1 1  _ A 
A A
B A
l o ^ e  A B  =  k t  o
A q  and Bq r e f e r  to  the  i n i t i a l  c o n c e n tr a t io n s  
A and B r e f e r  to  th e  c o n c e n tr a t io n s  a t  tim e t .
The above e q u a t io n  on rearrangem ent in  the  r e a c t i o n  
v a r ia b le  form i s  : -
k t  = xafa^x
i
)-a l o g
b ( a -x
e a iD -x
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APPENDIX 3
D e r iv a t io n  o f  the  E x p r e ss io n s  f o r  the  A c t i v a t i o n  
Param eters
Symbols:
A : p r e -e x p o n e n t ia l  A rrh en iu s  f a c t o r
E > A rrh en iu s  a c t i v a t i o n  en ergy
h : P la n c k ’ s c o n s ta n t  ( e r g .  s e c . )
K : B oltzm ann’ s c o n s ta n t  ( e r g .  d e g .  'L)
k : ob served  t h i r d  order s p e c i f i c  r a t e  c o n s ta n t
R : u n i v e r s a l  g a s - c o n s ta n t  ( c a l . d e g .  ^mole ***)
T : a b s o lu t e  tem perature  (d e g . K)
A  Ss  : en tro p y  o f  a c t i v a t i o n
A  F* f r e e  energy  o f  a c t i v a t i o n
, as —1
1 \ F2* and A S  a p p ly  to  a stan d a rd  s t a t e  o f  1 mole m l. •
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A ccord in g  to  th e  th e o r y  o f  a b s o lu te  r e a c t i o n  r a t e s  
th e  s p e c i f i c  r a te  o f  a r e a c t i o n  in  s o l u t i o n  may b e  w r i t t e n  [ 1 3 4 ]
k _ m . e-E/ETe A s “/R  .
h ’
C o n seq u en tly , th e  fre q u e n c y  f a c t o r  A in  th e  e q u a t io n  [1241
*  = A e -E/ RT
may be e x p r e s s e d  by
. eKT A S * /E
A =  h  e
T h ere fo re  th e  a c t i v a t i o n  en tro p y  can be c a l c u l a t e d  from
A s  = E l o g e 
f o r  a r e a c t i o n  i n  a s o l u t i o n ,
i A s *  = e  -  A ? *
298 A s | g g = E -  
Thus i f  A  and E are  known A  ^298 can :^ oun(■'■•
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APFENDIX 4
K in e t ic  Run w ith  P o lym eric  
.mmonium H ydroxide (li -  5 )  as C a t a ly s t
Run No
G ly o x a l  c o n c e n tr a t io n  (a)  
H y d r o x y l- io n  c o n c e n tr a t io n  (h) 
Temperature  
No added s a l t .
8
0.00150M  
0.0029i|N  
2 5 .0 0  -  0 .07 '
i  = 8 8 .5  s c a l e  d i v i s i o n s  o
= 5U*9 s c a l e  d i v i s i o n sco
o’ , i  -  i  = 33*6 s c a l e  d i v i s i o n s  o 00
i  -  i  m  0 .0 0 1 5 0  m oles o f  g ly o x a l  and h y d ro x y l  io n  
0 00
TA
BL
E 
1
3
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VD Is-  00 OM'HVO CO OVO m  LT> H  Lf\
rH O  m vO  • •  •  •
|xj •  •  •  •  CM 00 00 H  
C\J -dVO  O ^ H  H  W 4
C\J h -O V t'd O  l A O \ H  
•  •  » »
rHCO -Cj-CG rH r - m o o
m m o v  m c o  vo o  m
H  H  CM -r j-m
CM CT\ H  CM rH I ^ - C M O  
•  » •  •  •  • • •
H  CT^K^K^CO O  -doO  
o B t H o o ^ t  r - m c o  
d d m m v o  r - c tn h
--------------------   E±
H  00 O  H  O  VO rH OV• • • • •  t • *
H  CPvKM'noO O  - d T -  
V O O  N 4 0  K \ H 4  
H  H  CM I'O d V O  CO
I •
O  rH rH rH VO rH m  rH
co co ovo m O d H
00 lA -^ L n _ H - CM CO CM 
o  H  CM N d d  VO co CM
t • • * t • • •
O O O O O  O O H
h-co mvo Is- ov o  ov m m o^dH  r^-md 
h  t n r - O - d  i^ hctn
O V O O  ( ' ' ' - I ' ' - V O  C fN _ d C Mo • • • •o o o o o  o o o
m v o  H  co h  m  d m
O  m  O V d d  00 CM ov h-ini^CMH CTVCOVO 
•  • • • «  • • •
CM CM CM CM CM rH rH rH
VO C3V O  CT\ H  ^ O O  
VO *° l CTvrH CFV CTwO cn  m 00 dChOr tA H d  
•  • • • «  0 * 0
CM I'O LPiVO r -  c n  H  CM 
rH rH
fO*V0 d O  (T\
K^ VO rH CO rH LT\_j-inVO H in o  O -d-00 LHX I CM rH C5V00 h- LA l°lCM8 •  •  •  o o • •  •
H H Q O O  O O O
©
>
ctibO
m co cm m r -  
H  H  H
rH CT\ p*-
CM CM CM
rHI •
O
00
CMI
0
rHO
£CM
O
CM
rH
ON
VO
II
k v j d  o  m o  o o o  
H h  cm m m c o
70
o
c <oo
oCOCO,
p
24 P .120
o
O
r<'i m
,-b
mo
19
18
17
16
15
14
13
12
11
10
9
8
7
C.6
5
4
3
2
1
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t s e c s ,
I V
The S i r i u s  Autocode computer programme f o r  th e
i s  g iv e n  below ;
J V l
fo=TAPE  
V i =TAPE 
V 2 - V o ~ V l  
V 2 = l / V 2
t'3=TAPE 
y 4= TAPE 
n 1=4 
V J= TAPE9
V i  4 = ^ 3 - ^ 711 '' 
Vi^-Vi  4 X t » 4
V i $ = v i - v i 4  
V i $ - i / v i 5
V i 6 - V o ~ V i $  
V 1 6 - V 1 X V 1 6  
V i 6 = V i 6 x v i 5  
6 = ^ i  6/t>o  
6=L0Qt>i 6 
V i 6 = V 2 X V i 6 
V n  = i / V i  
V l 4 =^ 15 -VI 7 
y 1 4 = ^ 1 4 - ^ 1 6  r 
v i 4= ^ 1 4X^2 
p R l N T ^ i 4 , 3 1 4 0  
*♦1,12>m  
STOP
Z Z Z Z Z Z Z Z X Z Z Z Z Z
e v a lu a t io n  o f
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The d ata  fed  in t o  the  computer on punched tape i s  ;
v Q = a ( i n i t i a l  g ly o x a l  c o n c . ) ;  
v^ = b ( i n i t i a l  0H“ c o n c . ) ;
v^ = i Q (c o r r e c te d  i n i t i a l  r ec o rd er  r e a d in g ) ;  
v ,  = ^ iQ~ i Q0^  s e n s i t i v i t y  f a c t o r ;
v c = 9 v a lu e s  o f  r e c o r d e r  r e a d in g  a t  s e p a r a te  
5 t i n i e s t . ;
V a lu es  o f  n were p r in te d  o u t .
"Ti=57
F igu re  15 i s  the  graph o f  n a g a in s t  t .  f o r  a
( a - b )'
run e f f e c t e d  by sodium hydroxide where the  v a lu e s  o f
n were c a lc u la t e d  u s in g  the  computer.
( a - b )
\ .
^U N
“Ik -  2 . L S  Lz. lAoVe "^ u cITmole xlO / /
250200 500150100
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